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22 › 26
OCTOBER 2017
La Cité Nantes Events Center
France

I WA  J O I N T  CO N F E R E N C E S :

›  14th IWA Specialized Conference
on Small Water and
Wastewater Systems (SWWS)

›  6th IWA Specialized Conference
on Resources Oriented
Sanitation (ROS)

›  3rd International Conference
Terra Preta Sanitation &
Decentralized Wastewater System

P R E S E N T :

B o o k  o f  p r o ce e d i n g s





I am very happy to welcome you to the Interna-
tional IWA conference on sustainable solutions for 
small water and wastewater treatment systems 
(S2Small2017) that will be held October 22-26 in 
Nantes, France. This event co-organized by IMT 
Atlantique, GEPEA , IWA and ASTEE will be held 
in Nantes (city congress center). S2Small2017 will 
address the latest advances in the field of water 
and wastewater management for small systems 
and decentralized approaches.

This joint conference will bring together the 14th IWA Specialized Conference on Small Wa-
ter and Wastewater Systems (SWWS) together with the 6th IWA Specialized Conference on 
Resources-Oriented Sanitation (ROS) and the 3rd International Conference Terra Preta Sani-
tation & Decentralized Wastewater System.

The event is a continuation of the previous successful Conferences of the 11th SWWS (Har-
bin, China), the 12th SWWS and 4th ROS (Muscat, Oman), the 13th SWWS and 5th ROS (Athens, 
Greece) and the 2nd TPS (Goa, India).

The scope of our conference is to go beyond the simple assumption that small water and 
wastewater systems are technically feasible and working to answer specific needs under 
many different configurations. The scope of our conference is to demonstrate that small 
water and wastewater systems represent part of the solution for the future of humanity, 
from theoretical concepts up to very applied case studies our conference will show that 
small is smart, small is beautiful, small is efficient, small is affordable, small is generous in 
other words small is the future!

Only small solutions for water and wastewater will enable to meet UN Sustainable Deve-
lopment Goal 6: « Ensure access to water and sanitation for all ». Only small water and was-
tewater solutions will help to increase water re-use, water recycle and resource recovery 
from wastewater. If you also believe that small water and wastewater systems represent 
tomorrow’s solutions do not hesitate anymore and come to S2Small2017 to share your 
knowledge, meet the main actors in the field, strengthen your network in a wonderful city 
(surrounded by water) and in a region where small water solutions are really developed!

On behalf of the organizing Committee,

Florent CHAZARENC 

Welcome
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09:00 - 09:20

Parallel sessions
08:10 - 09:30

Keynotes 3
08:00 - 09:30
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Keynotes 1
09:20 - 10:20

Coffee-break
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Coffee-break
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16:40 - 18:00

Specialist Group Meeting 
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Keynotes 1 09:20-10:20
Session chair: Florent CHAZARENC

INV904 - Integrated waste management approach at Devanahalli, India 
SINHA Susmita - Bremen Overseas Research and Development Association, Germany

INV905 - Resource Recovery and Reuse of wastes: An opportunity for African countries 
COFIE Olufunke - International Water Management Institute, Ghana

Keynotes 2 15:40-16:40
Session chair: Florent CHAZARENC

INV900 - Membrane for energy and water recovery 
SECO Aurora - University of Valencia, Chemical Engineering Department, Spain

INV901 - Groundwater arsenic/fluoride contamination: low-cost remediation strategies 
BHATTACHARYA Prosun - KTH Royal Institute of Technology, Stockholm (Sweden)

Monday 23 October
Auditorium



Keynote speaker: 
SINHA Susmita, Bremen Overseas Research and Development 
Association, Germany 

Bio: 

Susmita Sinha is a senior Technical Advisor at Bremen Overseas Research and Development Association 
(BORDA). An environmental management professional, she has been associated with decentralised 
sanitation services that caters to solutions across community level to city scale interventions. She is 
currently involved with applied research linked to wastewater and faecal sludge especially with 
characterization linked to design matrices and improving treatment efficiency. Her work is also closely 
linked to developing treatment approaches for making cities and towns ‘liveable’ by integrating 
sanitation with water body rejuvenation, food production and minimizing health risk exposure pathways 
contributing to provision of holistic sanitation solutions.   



Integrated waste management approach at 
Devanahalli, India 

SINHA Susmita, Bremen Overseas Research and Development Association, Germany 

Rapid urbanization poses a significant challenge to addressing sanitation issues at a town/city scale. As 
per the United Nations World Urbanisation Prospects Report1 India is projected to add 404 million urban 
dwellers, between 2014 to 2050.  According to Census of India, 2011, around 42% of all towns and cities 
can be classified as small cities/towns - having population less than 100,000. These cities/towns have 
less than 50% of underground drainage coverage and are seeing rapid urbanization. These cities/towns 
need sanitation interventions that are innovative and address sanitation linked issues holistically. Safe, 
affordable and sustainable sanitation solutions that minimize health risks exposure while also meeting 
the increasing demand for food and water scarcity are progressively becoming viable approaches for 
addressing sanitation issues in developing towns/cities. To minimize risks associated with sanitation, an 
integrated approach is needed to address issues linked to negative impacts of lack of waste 
management on public health, livelihoods and the environment. At a town level, an incremental and 
integrated approach with support of enabling components of financial resource, institutional capacity, 
legal and governance frameworks and stakeholders buy-in is being piloted at Devanahalli, Karnataka, 
India. This pilot project implemented by BORDA and its local partner CDD Society aims to address solid 
and liquid waste management. The approach adopted in Devanahalli may be replicated in other small 
towns of India that are getting rapidly urbanized but have limited capacities and resources and are in 
need of waste management.    

1 United Nations, Department of Economic and Social Affairs, Population Division (2014). World 
Urbanization Prospects: The 2014 Revision, Highlights (ST/ESA/SER.A/352). 



Keynote speaker: 
COFIE Olufunke, International Water Management Institute, 
Ghana 

Bio: 

Olufunke Cofie heads the West Africa Office of the International Water Management Institute (IWMI). 
She is a Principal Researcher with over 20 years progressive professional experience in natural resources 
management with a focus on the safe recovery of nutrients, organic matter and water from domestic 
wastes for agriculture in developing countries.  She has pioneered the development of a waste-based 
soil ameliorant, which is being   marketed in Ghana. With a PhD in Soil Science and an MBA in Business 
administration. She has considerable experience in developing and leading multi-institutional and multi-
disciplinary research programs. In the nineties, she taught in the Universities in Nigeria and Ghana. 
Currently, she is posted in Ghana where she leads IWMI’s research agenda and the associated diverse 
staff in West Africa. 



Resource Recovery and Reuse of wastes: 
An opportunity for African countries 

COFIE Olufunke, International Water Management Institute, Ghana 

Waste management represents a major hindrance to the development of many countries in Sub-
Saharan Africa. Liquid and solid wastes management not only represent a sink for the limited available 
financial resources, but the poor performance also negatively affect public health, livelihoods and the 
environment. In general, municipalities struggle to contain these effects in cities that are growing at a 
fast pace. Resource Recovery and Reuse (RRR) could offer a solution, by e.g. enabling cost recovery in 
the wastewater treatment systems, limiting the need for landfills, which are costly to operate, and even 
increasing the availability of resources supporting other key development sectors such as agriculture 
(compost, water, nutrients) and energy (biogas, fuel pellets or briquettes). Experience from IWMI in 
Ghana confirms the demand for developing RRR business solutions that address technical issues in a 
cost-effective way, raises awareness of the potential of RRR and build stakeholder capacity in the field. 
When successfully devised and implemented, RRR could be an accelerator for meeting some SDG targets 
(2, 6, 13 and 15). 

IWMI, 2017 



Keynote speaker: 
SECO Aurora, University of Valencia, Chemical Engineering 
Department, Spain 

Bio: 

Aurora SECO is Chemist and Full Professor at the University of Valencia (Chemical Engineering 
Department) Spain. She has over 25 years of experience in research activities with emphasis on nutrient 
removal and recovery from wastewater, anaerobic sludge digestion, monitoring of priority pollutants in 
WWTP effluents and coastal waters and more recently nutrient and energy recovery from urban 
wastewater by using anaerobic membrane bioreactors and microalgae cultivation. She is founding 
member and coordinator of CALAGUA research group and has collaborated in 23 competitive research 
projects and more than 75 research contracts for technology transfer with companies related to 
wastewater treatment. She has participated in 115 papers published in peer-reviewed international 
journals and has supervised 26 Ph.D. students. Based on these researches, two patents have been 
published. 

She is leader of the Action Group “AnMBR for WATER Resource Recovery in CIRCuLar Economy: WATER 
CIRCLE” under the EIP-Water and she also leads one of the only two Innovation Deals for Circular 
Economy selected by EU, entitled “Sustainable wastewater treatment using innovative AnMBR 
technology”. 



Membrane for energy and water recovery 

SECO Aurora, University of Valencia, Chemical Engineering Department, Spain 

The  increasing water  stress,  the  necessity  of  reducing  the  carbon  footprint  and  the  increased 

depletion of  resources has make  it necessary  to  change  the  traditional  economic  frame  into a 

new development model  focused  on  Circular  Economy  (CE).  The  adoption  of  the  principles  of 

CE  would  allow  protecting  businesses  against  scarcity  of  resources,  developing  an  
environmentally sustainable economy and opening new markets, while creating new jobs 

The  application  CE  to  the  water  sector  is  based  on  the  3Rs  strategy:  reduction  of  negative  
environmental  impacts  (e.g.  GHG  emissions,  energy  consumption,  sludge  production,  water 
stress),  recovery  of  energy  and  nutrients  and,  finally  reuse  of  reclaimed  water.  Conventional 

wastewater  treatments  based  on  aerobic  processes,  and  its  technologies,  are  effective  in  
removing  organic matter  and  nutrients,  but  are  characterised  by  a  high  energy  consumption, 

sludge  production  and  GHG  emissions.  On  the  other  hand,  the  use  on  anaerobic  processes  
allows   improving   both   economic   and   environmental   sustainability   of   the   treatments  
by  reducing  energy  demand  (net  energy  surplus  can  be  achieve  
under  certain  conditions),   decreasing   sludge   production,   limiting   GHG   emissions   and  
reducing   operational   cost   in comparison with conventional treatments.  

Furthermore, low strength wastewater can be anaerobically treated if it is possible to operate 

at  high  sludge  retention  time  (SRT)  and  low  hydraulic  retention  time   (HRT).    Membrane  
technology  allows  uncoupling  SRT  y  HRT, since it  guarantees  a  complete  sludge  retention. 
Hence,  combination  of  anaerobic  process  and  membrane  technology  in   the   so‐
called   Anaerobic   Membrane   Bioreactor   (AnMBR)   makes   it   possible   to   shift   the  
concept   of wastewater  treatment  from  the  current  Wastewater  Treatment  Plant  (WWTP)  
to  the  new  Water  Resource  Recovery  Facility  (WRRF)  in  line  with  the  EU  Action  Plan  for 
the  Circular  Economy.  This  technology  has  also  a  big  potential  for  on‐site  recycling  and  
reuse  of  water,  nutrients and energy. 

AnMBR  technology  still  has  some  limitations:  investment  cost  due  to  membranes,  but  it  is  
decreasing  as MBR market  trend  is  growing;  dissolved methane  in  the  effluent,  but  there  are 

technological  solutions  for  its  recovery;  and  nutrients  content of   the   effluent,   if  discharge  is  
produced in sensitive areas, but a post‐treatment can be implemented. 

Finally,  the  main challenges of AnMBR  is optimising  retention  process;  recovery of dissolved  
methane, removal of sulphide if  it is  present  in the biogas  and  overcome  legal  barriers  that 
prevent the reuse of the effluent for agriculture. 



Keynote speaker: 
BHATTACHARYA Prosun, KTH Royal Institute of Technology, 
Stockholm (Sweden) 

Bio: 

Prosun Bhattacharya, PhD degree in Sedimentary Geochemistry from the University of Delhi in India is 
a professor of Groundwater Chemistry and Coordinator of the KTH-International Groundwater Arsenic 
Research Group, at the Department of Sustainable Development, Environmental Science and 
Engineering at KTH Royal Institute of Technology, Stockholm, Sweden. Since 2016, he is also an Adjunct 
Professor at the School of Civil Engineering & Surveying & International Centre for Applied Climate 
Science at the University of Southern Queensland, Australia. He is engaged with research on 
groundwater contamination in different parts of the world, especially focusing on geogenic 
contaminants – arsenic and fluoride in groundwater of Bangladesh, Bolvi and Tanzania. He has 
coordinated the prestigious Swedish International Development Cooperation Agency supported action 
research and implementation project “Sustainable Arsenic Mitigation-SASMIT” Community driven 
initiatives to target arsenic safe groundwater as sustainable mitigation strategy in Bangladesh. Based 
on his global engagements in the field of arsenic research he has been honored with the title as the 
Fellow of the Geological Society of America in April, 2012. He has taken over as the Chair of the IWA 
Specialist Group Metals and Related Substances in Drinking Water (METRELS). 



Groundwater arsenic contamination and 
sustainable mitigation strategies 

BHATTACHARYA Prosun, KTH Royal Institute of Technology, Stockholm (Sweden) 

Access to safe drinking-water is an important component of developing effective policy for health 
protection. Geogenic contaminants such as arsenic, fluoride, manganese and others like uranium among 
others mobilized in groundwater sources pose critical risks to public health. Regional scale occurrence of 
natural arsenic (As) in groundwater has impacted safe drinking water access globally. Being a densely 
populated country like Bangladesh, millions of people are exposed to As at levels above the WHO 

 
mitigation programs, the main challenge is to implement a sustainable mitigation program for scaling up 
safe water access that complies with drinking water safety plan (DWSP). Tubewells as the most widely 
accepted drinking water option in rural Bangladesh, widely installed at community levels by local drillers 
using the hand percussion drilling technique. Arsenic is mobilized naturally in groundwater under 
reducing condition in shallow aquifers (< 50 m) where dissolution of Fe-oxyhydroxides release As to the 
groundwater. Local well drillers are the principal drivers of installation of tubewells based on indigenous 
knowledge in regions with elevated levels of As, targeting the shallow aquifers (< 100 m) based on 
sediment color to provide As-safe drinking water at relatively low cost. The Project Sustainable Arsenic 
Mitigation (SASMIT) has followed up the practice of tubewell installations by the local drillers in Matlab, 
southeastern Bangladesh with an aim to evaluate and validate their simple perspective on water quality 
based on color of the aquifer sediments. Water quality monitoring in the shallow, intermediate deep 
and deep aquifer systems through depth-specific  piezometers (n=82) installed at 15 locations in Matlab 
region, over a period of 3 years and a follow-up monitoring during 2015, revealed that the water quality 
parameters are relatively stable in terms of overall groundwater quality especially As and Mn. The local 
drillers’ indigenous knowledge on perception of sediment color with validation of water quality 
monitoring can thus be optimally harnessed for accelerating the drinking water supplies in rural 
Bangladesh to achieve the target of the SDG 6 and can be adapted in the rest of the world with similar 
geological settings.  

IWMI, 2017 



Parallel session 1 - Aerobic Process 1 08:10-09:30
Session chair: Inga  Herrmann

475 - A study on the effects of different organic load (BOD5) on treatment performance of four selected 
small wastewater treatment plants 
ALSAADI Shamsa - Helmholtz Centre for Environmental Research GmbH - UFZ

428 - Biological tubular reactor, new technology for small wastewater treatment plants 
GARCíA-GONZáLEZ Sergio Adrián - Facultad de Química, Universidad Nacional Autónoma de México

294 - Impacts of operational conditions on oxygen transfer rate, mixing characteristics and residence time 
distribution in a pilot scale HRAP 
PHAM Le Anh - ICube laboratory

508 - Effects of an increase in salinity on PAOs in EBPRR-SBBR reactors in coastal small populations 
ARAGON-CRUZ Carlos - Centro de las Nuevas Tecnologías del Agua

Parallel session 2 - Industrial effluent 1 09:50-11:10
Session chair: Jaime Nivala

461 - Ten years of German experience in using ecotechnologies for  onsite treatment of industrial pollution 
AUBRON Thomas - Helmholtz Environmental Research Centre - UFZ

476 - Cleaning up landfill leachate in rural China with low-energy gas flotation and oxidation 
KINDLER Jean Louis - OriginClear

651 - Environmental behavior of MSWI fly ash in leachate from solid waste landfill 
SUN Xiaolei - Nanjing University of Science and Technology

477 - Performance of a vertical flow soil filter treating industrial wastewater under cold climatic conditions 
and avoiding filter clogging problems 
RAHMAN Khaja Zillur - Helmholtz Environmental Research Centre - UFZ

Parallel session 3 - Phosphorus Treatment and recovery 1 11:30-12:50
Session chair: Gabriela Dotro

527 - Treatment performances and operating experiences of the first full-scale Discfilter facility featuring 
enhanced P removal from pure-MBBR effluent 
GIZEM Mutlu - Veolia Water Technologies AB, Sweden

512 - Phosphorus recovery from pretreated sewage sludge and phosphorus saturated filter materials 
BARCA Cristian - Laboratory M2P2 Aix-Marseille University

319 - Long-term investigation of phosphorus removal by iron electrolysis in actual small-scale wastewater 
treatment plants 
MISHIMA Iori - Center for Environmental Science in Saitama

652 - Phosphate removal from aqueous solution using ZVI/sand bed reactor: Behavior and mechanism 
SLEIMAN Nathalie - Université de Limoges

Tuesday 24 October
Salle 200



A study on the effects of different organic load 

(BOD5) on treatment performance of four selected 

small wastewater treatment plants 

Ref # S2SMALL-61761 

S. Al-Saadi1,2*, K.Z. Rahman1, P. Mosig1, M. van Afferden1, R. A. Müller1

1 Environmental- and Biotechnology Centre (UBZ), Helmholtz Centre for Environmental
Research - UFZ, Permoserstraße 15, 04318 Leipzig, Germany 

2 The Research Council, P.O. Box 1422, Muscat 130, Sultanate of Oman 

*Corresponding author. E-mail address:  shamsa.al-saadi@ufz.de (S. Al-Saadi)

Keywords: Decentralized wastewater treatment, BOD5 concentration, Small Wastewater 
Treatment Plants (SWWTPs), Vertical Aerated Planted Constructed wetland (VAP),  

INTRODUCTION 
Wastewater source, quality, quantity, location and reuse options play major roles in
wastewater management planning process. Other factors, such as capital costs, operation and 
maintenance costs and land requirement, are involved in the selection of most appropriate 
treatment technology. Wastewater in rural areas of the arid regions are typically ‘highly 
concentrated’ (with BOD5 > 500 mg/L), which is mainly due to high water scarcity and 
thereby low water consumption. Therefore, in rural areas, decentralized wastewater treatment 
is becoming the preferred cost-effective treatment strategy over centralized treatment due to 
the low population densities and scattered settlement (Massoud et al., 2009). Decentralized 
wastewater treatment systems commonly include eco-technologies (for e.g. constructed 
wetlands), biofilm technologies, sequencing batch reactors, membrane bioreactors and 
anaerobic technologies. Recent studies showed that aerated vertical flow constructed wetlands 
are cost effective, simple to operate and capable of improving the reduction of key pollutants 
such as organic carbon (Boog et al., 2014, Nivala et al., 2013).

The aim of this study is to compare the suitability and treatment performance of Vertical 
Aerated Planted constructed wetland (VAP) with other three conventional small wastewater 
treatment plants (SWWTPs) operating under the same wastewater compositions of varying 
BOD5 concentrations (ranging from 300 – 1200 mg/L). The other three selected SWWTPs are 
Fluidized bed biofilm reactor (FBBR), Membrane bioreactor (MBR), and sequencing batch 
reactor (SBR). The systems are supplied by different German companies and already certified 
according to the European standard EN 12566-3, whereas the Vertical Aerated Planted (VAP) 
has been constructed by UFZ according to the German standard and regulations (DWA-A
262).



MAIN METHODS 
This research study was carried out at the BDZ-Research and Demonstration Center for 
Decentralized Wastewater Treatment in Leipzig, Germany. The site contains 12 various small 
wastewater treatments plants (SWWTPs) and is located on the premises of the former 
municipal sewage plant "KA Leutzsch”, where all of the systems receive the same domestic 
wastewater. The three selected SWWTPs (FBBR, MBR & SBR) used in this study are on-site 
system designed for 4 population equivalent (PE), while the VAP system (8 m2 × 90 m, τn =
3.5 d) is designed for 8 PE, treating primary settled domestic sewage. Gravel (8 - 16 mm) was 
used as main media in VAP system which was saturated and planted with Phragmites 
australis. The performance of the selected decentralized systems was studied in a twelve 
months (November 2015-November 2016) time under three experimental phases with varied 
BOD5 concentration as shown in Table 1.The influent was fed simultaneously to all the four 
systems with duration of 4 months/phase. Throughout these three experimental phases, the 
samples of the influent and effluent of all four SWWTPs were collected on a weekly basis 
where several wastewater quality parameters like 5-day carbonaceous biochemical oxygen 
demand (CBOD5), chemical oxygen demand (COD), total nitrogen (TN), ammonia nitrogen 
(NH4-N), nitrate nitrogen (NO3-N), total phosphorus (TP), E-coli and physical parameters 
were analyzed.

Table1: Organic load (BOD5) concentration of the influent in three experimental phases 

Experimental 
Phase 

Wastewater 
type 

BOD5 Load, 
g/PE*d 

Wastewater volume, 
L/(PE*d) 

BOD5 
(mg/L) 

Phase I Domestic 45 150 300 

Phase II Modified 45 75 600 

Phase III Modified 45 37.5 1200 

MAIN RESULTS AND CONCLUSIONS 
The results of this study provide advantageous data on the performance characteristics and 
their treatment efficiency of the selected SWWTPs.The average of influent concentration of,
COD, CBOD5, NH4-N and TN were 605 mg L-1 , 280 mg L-1 ,44 mg L-1 and 28 mg L-1 in
phase I , 1288 mg L-1 , 630 mg L-1 , 88 mg L-1 and 47 mg L-1 in phase II, 2547 mg L-1 , 1480
mg L-1 , 285 mg L-1 and 89 mg L-1 in phase III , respectively. The main results showed: (i) the
Vertical Aerated Planted constructed wetland (VAP) is capable to treat wastewater with 
various influent concentrations and the mean removal efficiency of COD, NH4-N and TN
reached 94%, 91% and 27 for phase I, 97% , 99% and 73% for phase II , and 98% , 88% and 
55% for phase III, respectively as summarized in Table 2. 



Table 2: Characteristics of effluent and removal efficiencies of VAP system during the three 
experimental phases   

Parameter 
(mg/L) 

Phase I (BOD5=300 mg/L) Phase II (BOD5=600 mg/L) Phase III (BOD5=1200mg/L) 

Mean ±SD Red. (%) n Mean ±SD Red. (%) n Mean ±SD Red. (%) n 

COD 34.5 ± 5.4 94 11 36.2 ± 4 97 12 64 ± 18 97.5 12 

CBOD5 2.3 ± 1.7 99.2 11 3.3 ± 1.7 99.5 13 5.7 ± 5.1 99.6 12 

NH4-N 3.9 ± 5.8 91 7 1 ± 0.5 99 13 34.6  ±30 88 8 

TN 44.2 ±9.2 27 12 33.2 ± 13 73 10 166.3 ± 75 55 11 

(ii) There is no significant difference in CBOD5 removal efficiency of VAP compared to the
other three systems (FBBR, MBR & SBR) during the three phases where all the four systems
achieved average removal efficiency of nearly 99% (Figure 1), (iii) the highest average
removal efficiencies of TP(55%) and TSS (99%) in the three phases were accomplished by
VAP system, MBR system demonstrated the highest E-coli removal efficiency (100%) during
the three phases, whereas FBBR and VAP systems achieved the highest NH4-N mean removal
efficiency at 93% during the three phases.

Figure 1. CBOD5 profiles of influent and effluent in the four SWWTPs during the whole 
operational period of 12 months.
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Biological tubular reactor, new technology for small 
wastewater treatment plants
Ref # S2SMALL- 65623 

S.A. García-González1 and A Durán-Moreno1

1Universidad Nacional Autónoma de México/ Departamento de Ingeniería Química/ 
Facultad de Química, CP 04510 Ciudad de México, Tel.: +52 5556225293 – Fax: +52 
5556225303. (E-mail: cheko29@hotmail.com, alfdur@unam.mx

* Corresponding Author: cheko29@hotmail.com

Abstract: the aim of this work was to evaluate the operation of a biological tubular reactor 
on the real wastewater treatment. This system is a novel technology for the treatment of 
domestic and industrial wastewater on small scale; his operation is based mainly on the 
aerobic biological degradation of the contaminants dissolved in the wastewater by 
accumulated microorganisms inside of the reactor. When the biological tubular reactor was 
operated in continuous form, it was obtained excellent results for the removal of N-NH4,
where the removal of nitrogen was 100% considering a range of organic loads of 0.5 to 20 
g N-NH4/m2d. In terms of COD, the removals were from 50% to 98.43% with organic 
loads near to 60 g COD/m2d and it was unstable when the organic load was up 200 g 
COD/m2d. The tubular biological reactor showed to be a feasible technically option for the 
treatment of small-scale domestic wastewater due to the reactor provided an effluent free of 
ammonium nitrogen and high COD removal.

Keywords: Biological tubular reactor, small wastewater treatment plants, wastewater 
treatment, water reuse.

INTRODUCTION
At the beginning of the 21st century, the world faces a water quality crisis, caused by 
continuous population growth, industrialization, food production practices, increased living 
standards and poor water use strategies. Major growth will take place in developing countries, 
particularly in urban areas that already have inadequate wastewater infrastructure (Corcoran
et. al., 2010). As human population continues to grow and urbanize, the challenges for 
securing water resources and disposing of wastewater will become increasingly more 
difficult.

In addition to that, urban areas are large wastewater producers, providing sanitation services 
in densely populated areas with current technologies, which involve significant planning and a 
large and costly infrastructure.

Today, wastewater is usually transported through collection sewers to a centralized 
Wastewater Treatment Plant (WWTP) at the lowest elevation of the collection system near to 
the point of disposal site to the environment. Because centralized WWTPs are generally 
arranged to route wastewater to these remote locations for treatment, water reuse in urban 
areas is often inhibited by the lack of dual distribution systems. The infrastructure costs for 
storing and transporting reclaimed water to the points of use are often prohibitive, which is 
making reuse less economically viable. (Angelakis and Snyder, 2015). 



A centralized approach to wastewater treatment has been the globally accepted solution for 
many decades. While this approach may have been suitable for maintaining urban hygiene in 
the past, many people agree that in face of a continually growing urban population and 
increasing water scarcity worldwide, a shift towards decentralization of domestic wastewater 
should be considered. Some of the issues driving the interest in decentralized systems, apart 
from declining local water sources are: financial efficiency, installation timeframe of 
infrastructures, water security, water loss derived from long-distance transport, environmental 
degradation of aquatic habitats and local community empowerment. Decentralization enables 
local reuse, water saving and the construction of new infrastructures to keep up with the pace 
of construction of new residential areas. Furthermore, the shorter life cycle of decentralized, 
source separated solutions, means that new technological developments may be implemented 
more rapidly (Opher and Friedler, 2016). 

The international trend to solve these problems is designing municipal and industrial 
wastewater treatment technology more compact and with low energy-consuming systems
(WEF, 2010) for be used inside of big cities. 

The optimal scenario for municipal wastewater management is the construction of satellite 
wastewater treatment systems, where reclaimed water will be reused near the point of 
reclamation. Thus, minimizing pumping costs (Gikas and Tchobanoglous, 2009). So, small 
decentralized wastewater management systems should be more seriously considered in the 
future to treat wastewater at or near the points of waste generation. (Angelakis and Snyder, 
2015). Reclaimed water will be beneficially used in a number of applications. For example for 
urban non-potable uses, industrial areas, and landscape irrigation (Angelakis and Gikas, 
2014). 

Therefore, the aim of this work was to evaluate the operation of a biological tubular reactor on 
the real wastewater treatment. This system is a novel technology for the treatment of domestic
and industrial wastewater on small scale due to it is a compact and low-cost system that treats
wastewater in situ, his operation is based mainly on the aerobic biological degradation of the 
contaminants dissolved in the wastewater by accumulated microorganisms inside of the 
reactor. Moreover, the system is modular and can be used in cities where space requirements 
are limited or in rural areas where infrastructure does not exist.

MATERIALS AND METHODS 

Experimental device 
The biological tubular reactor (BTR) is an aerobic biological reactor (figure 1); it is composed 
of 5 horizontal tubular modules with 15 cm of diameter and 2 m of length and a height of 1.90 
m with a total volume of 0.25 m3. Biological system uses nonwoven materials as a support for 
the fixation of the biomass, the aeration was supplied by Venturi tube. 



Figure 1. Tubular biological reactor 

Inoculation 
The bioreactor was inoculated by 100 L of activated sludge with 1965 mg SST/L, it was 
mixed with 250L of wastewater in a recipe and pumped in the bioreactor, and the inoculum 
was recirculated by 24 h. Then, the bioreactor was feed with 20 L/min of wastewater by 2 
weeks. 

Continuous operation 
The reactor was feed with wastewater of treatment plant of the UNAM to verify his operation 
were determined quality parameters such as DQO, N-NH4, N-NO2 N-NO3 SST, pH (APHA, 
1998) during three months. Dissolved oxygen concentration was measured using a HANNA 
HI 9143 dissolved oxygen electrode. pH was measured using an Orion™ 2-Star Benchtop pH 
meter (Thermo Orion, USA). 

Additionally, the reactor was operated at different superficial organic load and different air 
flows to determine the best pollutant removal conditions. 

RESULTS AND DISCUSSION
The bioreactor was operated continuously over a period of three months with wastewater from 
the Wastewater Treatment Plant at the UNAM. Figure 2 shows the COD removal and organic 
load applied. It was observed that COD removal increases to 90% when the organic loading 
decreases to near 60 g COD/m2d.



Figure 2 COD removal at different surface organic loading in BTR 

In the first days of the operation in the biological reactor, there was an absence of oxygen in 
the bioreactor due to a poor suction in the Venturi tube. Since, 60 day tendency could be 
corrected by increasing the levels of oxygenation in the reactor. Figure 3 shows the dissolved 
oxygen in the reactor modules during the operation of the bioreactor.  The poor COD removal 
from the reactor in the first few days may be related by the absence of oxygen, the 
oxygenation in all the modules improved the removal of organic matter. 

Figure 3. Dissolved oxygen in the reactor modules during BTR operation 

In regard to the ammonium removal the bioreactor had an excellent performance. Figure 4 
shows the removal of ammonium N-NH4 at different superficial N-NH4 loading. When the N-
NH4 loadings were around 100 g N-NH4 /m2 d the biological tubular reactor was unstable the 
removal of ammonium was near to 60% however, when the N-NH4 load decreases to 60 until 
5 g N-NH4 /m2 d the removal of ammonium was 100%.  



Figure 4. Ammonium removal at different superficial N-NH4 loading in BTR

After 50 days of operation nitrite formation was observed in the bioreactor while the nitrates 
remained at levels close to 0 mg/L. As shown in Figure 5, this is a clear signal that nitrogen 
removal within the bioreactors due to the Anamox Process.

Figure 5 Nitrite and nitrates measurements in the bioreactor inlet and outlet.
Partial nitritation/anammox process, it is commonly used to remove nitrogen from rich 
ammonium wastewater. Anaerobic ammonium oxidizing bacteria (Anammox) are capable of 
oxidizing ammonium with nitrite as electron acceptor. Some works have demonstrated that 
bacterial competition is influenced in granular sludge by particle size. Nitrogen oxidizing 



bacteria tend to grow in smaller particles due to a larger aerobic volume fraction whereas 
Anammox bacteria dominate in bigger granules due to smaller aerobic volume fraction 
(Winkler et al., 2012) 

Figure 6 shows the TSS at the inlet and outlet of the system, it was observed that the reactor 
accumulates a considerable amount of SST. After day 58 was observed an excellent TSS
removal obtaining an effluent near to 25 mg SST/L. 

Figura 6 Total suspended solids in the bioreactor inlet and outlet. 
Figure 7 on the left side shows a fraction of the support used for the microorganisms in it a
considerable concentration of microorganisms within the polymer material can be observed.
When the SST was determined in the support, it had a concentration of 250 mg SST/cm2 and 
the SST inside the reactor was estimated obtaining 392g of SST adhered to the support. And 
in the right side of Figure 7 shows the inlet and outlet of the reactor. 

Figure 7 Substratum with biofilm (left) Input and output of the bioreactor (right). 

In recent works, a complete retention of the biological material within the system is an 
important requirement for a successful continuous operation of immobilized bioreactors, as 
the submerged membrane promotes the catalytic process (Chakraborty, 2012).  

Moreover, the nonwoven fibrous support immobilized the biofilm in a fashion similar to 
traditional supports and it protected the cells of shear stress, microorganisms fixed to support 
generates an advantage and could solve some problems described in this type of 



bioreactors(García-González and Durán-Moreno,2016). For example, in horizontal tubular 
bioreactors maintenance of stable suspended biomass concentration gradient along the 
bioreactor can be a problem due to biomass washout (Šantek, 2006). 

Consequently, biofilm can offer favorable conditions for slow growing organisms such as 
nitrifying bacteria and anammox bacteria. As well known, aerobic ammonium-oxidizing 
bacteria (AerAOB) and anaerobic ammonium-oxidizing bacteria (AnAOB) with long 
generation periods perform two sequential reactions simultaneously under oxygen-limited 
condition in single stage anammox process. There is no doubt that biofilm-based processes 
are ideal candidates for AerAOB and AnAOB to co-exist in terms of aerobic region and 
anaerobic region along the biofilm depth (Liu et. al., 2017). 

CONCLUSIONS
Tubular biological reactor showed to be a feasible technically option for the treatment of 
small-scale domestic wastewater due to the reactor provides an effluent free of ammonium 
nitrogen and high COD removal. When the biological tubular reactor was operated in 
continuous form and it was obtained with excellent results of N-NH4 removal, where the 
removal of nitrogen was 100% considering a range of N-NH4 loads of 0.5 to 20 g N-
NH4/m2d. In terms of COD, the removals were from 50% to 98.43% with organic loads near 
to 60 g COD/m2d and it was unstable when the organic load was up 200 g COD/m2d.
Therefore, it is recommended to continue the study of these types of reactors to determine 
whether it is possible to carry out the scale of the technology.  
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Abstract

Different combinations of operational parameters including water level, paddle rotation speed 
and influent flow rate were applied to investigate their impacts on mixing characteristics and gas
transfer coefficients in pilot-scale high rate algal pond (HRAP). Paddle rotation speed had 
positive correlation with Bodenstein number, water velocity and oxygen transfer coefficient 
while increasing water level put negative impact on these parameters, although the impact of 
water level on water linear velocity was small. Amplification effect of water level and paddle 
rotation speed on sensitivity of Bodenstein number (Bo) and kLaO2 should be noticed and 
considered before applying operational parameters for HRAP system. On the other hand, paddle 
rotation speed had more impact on kLaO2 than on Bo. Small impact of inlet flow rate as well as 
HRT on effective volume/total volume ratio was noticed, while higher paddle rotation speed 
seemed to increase dead zone in HRAP. In this study, the optimal operational conditions 
included 0.1m water level and 11.6rpm paddle rotation speed (7 Volt applied).

Introduction

Microalgae have received considerable attention as material for biofuel production due to their
capacity of accumulating high amount of lipids and carbohydrates. When cultured in suitable 
conditions, microalgae showed potential oil yield of 58.7 m3/ha/year, while current terrestrial 
plant used for producing biofuel only reached 5.4 m3/ha/year. Microalgae can use wastewater 
and flue gas as nutrient sources, which also serve as a treatment unit (Mata, Martins, et al., 
2010). In the context of cultivating microalgae (algal biomass) for biofuel production, high rate 
algal pond (HRAP) showed strong advantages over closed photobioreactor including low energy, 
financial requirement, easier for maintenance and more feasible in expanding to large scale.

HRAP is a shallow raceway-type pond with paddlewheel as the only source of movement (Park, 
Craggs, et al., 2010). It was estimated HRAP accounted for 95% of large scale microalgae 
production facility worldwide (Kumar, Mishra, et al., 2015).One major aspect when operating 
HRAP is the hydrodynamics because proper mixing allows materials to be evenly distributed in 
the pond, avoids sedimentation and thus anaerobic condition. Extensive studies had been 
conducted to investigate the impacts of pond or paddlewheel designs as well as some operational
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conditions on hydrodynamic conditions or energy consumption in the HRAP. Advanced 
mathematical models were employed to understand flowing patterns in the raceway under such 
influences (Mendoza, Granados, et al., 2013; Bitog, Lee, et al., 2011; Liffman, Paterson, et al., 
2013; Hreiz, Sialve, et al., 2014; Hadiyanto, Elmore, et al., 2013), yet there is still need for 
experimental validation (Hadiyanto, Elmore, et al., 2013). 

Due to its advantages, HRAP can be applied in many places which make its operation, shape and 
sizes vary depending on local conditions. However, the operational conditions such as water 
level, paddle wheel movement or inlet flow rate can govern the hydrodynamic characteristics 
inside HRAP. Moreover, hydrodynamic is one of the major factors influencing gas transfer in
open aerobic biological reactor like HRAP. Therefore, varying operational conditions could have 
a direct impact on biochemical processes or gas transfer and thus on the performance of the 
system. Thus understanding such difference is important for choosing the suitable operational 
conditions for optimizing performance of HRAP.

This study aims to determine the impacts of operational conditions including water level, inlet 
flow rate and paddle wheel movement on hydrodynamics in a pilot scale HRAP. Classical 
method employing tracer experiment to obtain residence time distributions (RTD) was applied 
due to its financial saving, availability and effectiveness. Moreover, to understand how such 
variation in hydrodynamics impacts gas transfer in HRAP, oxygen transfer rate will also be 
investigated. Finally, an optimal operational condition will be chosen to apply in the pilot HRAP
for algal-bacterial biomass cultivation. 

Material and Methods

Pilot description

The pilot HRAP consists of a single loop race way pond with two straight channels separated by 
a separation wall and connected by 180o bend at each end. Liquid circulation in the pilot was 
ensured by a paddlewheel which was driven by a brushed DC motor (DMN37K, 24V, Nidec 
Servo Corporation, Japan) which was controlled by a bench power supply (ISO-TECH 
IPS303DD, England). The pilot and paddlewheel were made of transparent plastic (Fig. 1). 

Operational conditions applied 

Combinations of different water level (0.1, 0.15, 0.2 m), inlet flow rate (6 and 9 L/h) and paddle 
movement in terms of voltage applied (3.5, 7, 10.5 Volt) were applied. Total water volume of the 
pilot at water level of 0.1, 0.15 and 0.2 m were 72, 108 and 144 L, respectively. The average 
paddle rotation speed obtained at voltage applied of 3.5, 7, 10.5 Volt were 5.6 ± 0.4, 11.6 ± 0.9
and 16.8 ± 2.1 rpm, respectively. 

HRAP mixing characteristics and hydrodynamic modeling under different operational 
conditions
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Mixing characteristics and hydrodynamics of pilot HRAP under different operational conditions 
were investigated by using tracer test (Levenspiel, 1999). Water conductivity correlated with 
NaCl concentration was measured every 5s by conductivity electrode (TetraCon® 325, WTW, 
Germany) connected to a multi-parameter portable meter (Multiline P4, WTW, Germany) and 
recorded with communications software (Multi/Achat II, ver. 1.05, WTW, Germany) (Fig. 1).  

For evaluating mixing characteristics inside the pilot, which was mainly due to paddle 
movement, HRAP was operated in closed condition (inlet flow rate = 0). RTD data obtained was 
calculated following Voncken, Holmes, et al., 1964 and then used to assess mixing
characteristics inside the HRAP. Moreover, in practice, HRAP will be operated in continuous 
condition, thus RTD data from experiments with continuous operational conditions was
calculated based on Levenspiel, 1999 and used to evaluate hydrodynamic behavior of the pilot 
HRAP. Detailed calculation procedure is indicated in the appendix. 

Figure 1. General illustration of pilot HRAP with tracer experiments in open condition (normal figures and
text), in closed condition (dashed figure and italic text) and oxygen transfer rate experiments in closed 

condition (dashed figures, italic text in brackets)

HRAP gas transfer rates

Oxygen transfer rate determination under different operational conditions was performed 
following European standard (NF EN 12255-15). Evolution of dissolved oxygen (DO) in water 
was measured by dissolved oxygen electrode (WTW Inolab Oxi Level II Dissolved Oxygen 
Meter) connected to a multi-parameter portable meter (Multiline P4, WTW, Germany) and 
recorded with communications software (Multi/Achat II, ver. 1.05, WTW, Germany). Oxygen 
transfer coefficient (kLaO2) was calculated following procedure reported by Garcia-Ochoa and 
Gomez, 2009 which takes into account the dynamic respond of the electrodes. 

Sensitivity analysis

Two sensitivity functions were used including the absolute-relative (a-r) sensitivity function 
measuring the absolute change in the variable for a 100% change in input parameter, and the 
relative-relative (r-r) sensitivity function measuring the relative change in the variable for a 
100% change in input parameter. The a-r sensitivity was used for quantitative comparisons of the
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effect of different parameters (water level, paddle rotation speed) on a common variable y (Bo,
kLa). While the r-r sensitivity was used to compare effects of different parameters on different 
variables (Reichert, 1994). One-way ANOVA following by Holm tests (95 % confidence 
interval) was applied in R software (version 3.3.1 (2016-06-21)) to compare these effects.
Detailed calculation procedure is indicated in the appendix. 

Results and Discussion

Impacts of operational conditions on mixing characteristics

The Bodenstein (Bo) number in the pilot HRAP was calculated according to RTD data obtained. 
High values of Bo in every experiment suggested plug flow behavior in the pilot HRAP which is 
in accordance with literature (Miller and Buhr, 1981). Results indicated that Bo had positive 
correlation with paddle rotation speed but negative relation with water level (Fig. 2 a.). The 
average water velocity along the raceway channel which had direct correlation with Bo was also 
calculated. In practice, it was suggested that water velocity of 0.2 to 0.3 m/s was sufficient for a 
HRAP. In this study, the required velocity was satisfied even with the lowest power applied (3.5
V or 5.6 rpm). Moreover, higher velocity may cause more energy consumption (Andersen, 
2005). Obviously, paddle rotation speed had strong influence on the circulation in the raceway 
and their correlation was positive. The change in water level has impact on water velocity due to 
the fact that as the water level increases, a larger paddle area will be immersed: it results in a 
decrease of the rotation speed of the paddle. However, this impact was small in this study (Fig. 2 
b.). 

a. b.
Figure 2. Influence of paddle rotation speed, water level to Bodenstein number (a.) and water velocity (b.) in

pilot HRAP.

Sensitivity analysis showed that at one water level, Bo was more sensitive with the change of
paddle rotation speed from 11.6 to 16.8 rpm than from 5.6 to 11.6 rpm. Moreover, as the water 
level increased, the sensitivity of Bo with paddle rotation speed also increased (Fig. 3 a.). On the 
other hand, except at the highest paddle rotation speed, Bo was more sensitive with the change of 
water level from 0.15 to 0.2 m than from 0.1 to 0.15 m. As the paddle rotation speed decreased,
the sensitivity of Bo with water level increased (Fig. 3 b.). Since the Bodenstein number 
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represents the ratio of the total momentum transfer over the molecular mass transfer, any 
increase in Bo value may lead to an increase in advection and hence shear stress which can 
damage algal cells (Mata, Martins, et al., 2010). Therefore, the amplification of Bo sensitivity 
with paddle rotation speed at high speed and/or high water level should be considered before 
choosing the operational conditions for HRAP. 

a. b.
Figure 3. Absolute-Relative sensitivity (dimensionless) of Bodenstein number versus paddle rotation speed 

(a.) and water level (b.). The sign represents positive (no sign) or negative (- sign) correlation.

Impacts of operational conditions on O2 transfer rates

Oxygen transfer coefficients (kLaO2) due to mechanical mixing were calculated from 
experimental data. It was showed that kLaO2 in HRAP had positive correlation with paddle 
rotation speed and negative correlation with water level which was in good agreement with Bo 
values obtained (Fig. 4). It suggests that higher paddle rotation speed causes more mixing in 
water and thus more oxygen can be transferred. On the other hand, higher water level (higher 
volume of fluid) in the reactor decreases mechanical mixing caused by the paddle and thus 
decreases oxygen transfer coefficient.  

Figure 4. Influence of paddle wheel rotation, water level to oxygen transfer coefficient in pilot HRAP.

Results from sensitivity analysis indicated that kLaO2 was more sensitive with the change of 
paddle rotation speed from 11.6 to 16.8 rpm than from 5.6 to 11.6 rpm. The decreasing of water 
level also caused higher sensitivity of kLaO2 with paddle rotation speed (Fig. 5. a.). Water level 
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changing from 0.1 to 0.15 m caused more change in kLaO2 than when changing from 0.15 to 0.2 
m. As the paddle rotation speed decreasing, the sensitivity of kLaO2 with water level also
decreased with the only exception in rotation speed of 5.6 rpm (Fig. 5. b.). In practice, better gas
transfer rate has benefits for the HRAP system including reducing the occurrence of oxygen
saturation or anaerobic condition, and hence avoid stressful condition for algae. Therefore, the
increased sensitivity of kLaO2 at high paddle rotation speed and/or at low water level should be
considered as precaution.

a. b.
Figure 5. Absolute-Relative sensitivity (d-1) of oxygen transfer coefficient (kLaO2) versus paddle rotation 

speed (a.) and water level (b.). The sign represents positive (no sign) or negative (- sign) correlation.

Impacts of operational conditions on HRAP hydrodynamics in continuous mode

Result of effective volume/total volume ratios indicated that there is a significant proportion of 
dead zone (up to 50% at the highest paddle rotation) in the reactor. The increase of paddle 
rotation speed induced a significant decrease of the effective volume ratio. At the lowest paddle 
rotation speed, impacts of higher water levels and inlet flow rates resulted to slight increases of 
the effective volume/total volume ratio. However, these differences decreased as the paddle 
rotation speed increased. Therefore, the paddle wheel rotation speed and inlet/outlet positions 
should be optimized to favor mixing time while avoiding dead zone. 

Figure 6. Influence of paddle wheel rotation, water level and inlet flow rate (corresponding HRT put in 
brackets) to effective volume/total volume ratio in pilot HRAP.
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Evaluating the impacts of operational conditions on HRAP performance 

To compare the impacts of different operational parameters including water level, paddle 
rotation speed on kLaO2 and Bo in closed operational condition, relative-relative sensitivity of 
kLaO2 and Bo with water level and paddle rotation speed was employed (Fig. 7). kLaO2 was more 
sensitive with paddle rotation than with water level (p value < 0.05). In addition, the sensitivities
of Bo with water level and paddle rotation speed were similar (p value > 0.05). On the other side, 
water level had similar sensitivities with kLaO2 and Bo (p value > 0.05), while paddle rotation 
speed had higher sensitivity with kLaO2 than with Bo (p value < 0.05). These results suggested 
stronger impacts on kLaO2 from paddle rotation speed than from water level. Similar degree of 
influences was seen between water level and paddle rotation speed on Bo. Moreover, paddle 
rotation speed had more impacts on kLaO2 than on Bo. It may suggest changing paddle rotation 
speed would be more efficient if one wants to improve the kLaO2.

Although according to results in this study, a combination of lowest water level and highest
paddle rotation should be the best option to achieve optimal hydrodynamics and gas transfer 
efficiency in HRAP, it may not the case when considering system performance. High paddle 
rotation speed can provide better mixing, increase gas transferring and reduce dead zone but it 
also increases shear stress causing cell damage and consumes greater power, thus increasing the 
cost (Hadiyanto, Elmore, et al., 2013). Moreover, in this study, global hydrodynamics result 
indicated that higher rotation speed is likely to keep more biomass staying in the reactor.
Therefore, the best combination of operational conditions in this study should be between water 
level of 0.1m and paddle rotation speed of 11.6rpm (7 Volt applied). 

Figure 7. Average Relative-Relative sensitivities (dimensionless) of oxygen transfer coefficient and Bodenstein
number versus water level and paddle rotation speed. Data was converted to absolute value for comparison.

Conclusion 

In this study, different combinations of water level, paddle rotation speed and influent flow rate 
were applied to investigate their impacts on mixing characteristics oxygen and carbonic transfer 
coefficients of the pilot HRAP. In general, the pilot HRAP showed good mixing level even with
the lowest paddle rotation speed applied, and hence the entire HRAP can be considered as a 
CSTR. Bodenstein number, water velocity and oxygen transfer coefficient had positive 
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correlation with paddle rotation speed but negative correlation with water level although the 
impact of water level on water linear velocity was small. Amplification effect of water level and 
paddle rotation speed on sensitivity of Bo and kLaO2 should be noticed and considered before 
applying operational parameters for HRAP system. Paddle rotation speed had more impact on 
kLaO2 than on Bo. Small impact of inlet flow rate as well as HRT on effective volume/total 
volume ratio was noticed, while higher paddle rotation speed seemed to increase dead zone in 
HRAP. The optimal operational conditions included 0.1m water level and 11.6rpm paddle 
rotation speed (7 Volt applied). These data obtained could be useful for calibrating 3D 
hydrodynamic model for better studying the impact of operational conditions on HRAP. 
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Appendix
Calculation details:
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Bodenstein (Bo) number calculation:

= ( ) (1A)

With C is the concentration of tracer detected, C is the concentration of tracer at infinite time 
and is the dimensionless time which is denoted as =t/tc (tc is circulation time and t is time).

Oxygen transfer coefficient (kLaO2) calculation:= + ( ) (2A)

With Cme is the oxygen concentration measured by the electrode and C0 is the oxygen 
concentration at the initial time of the aeration while C* is equilibrium value of oxygen 
concentration r is the response time of the electrode and t is time.

Sensitivity functions:

,, = (3A)

,, = (4A)

With y is the variable that changes due to the change of parameter p.

Calculation of hydrodynamic parameters in continuous condition: 

Residence Time Distribution (RTD): 

The RTD function E(t) can be defined as E(t) t = fraction of incoming water that stays in the 
reactor for a length of time between t and ( ) = ( ) ( )( ) ( ) = ( ) ( )( ) ( ) (5A)

Mean residence time ( ): = ( ) = ( ) (6A)

Variance ( = ( ) ( ) = ( )  (7A)

Dimensionless variance: = (8A)
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Calculation of uL/D ratio for a closed vessel:= 2 2 1 (9A)

With D is dispersion coefficient, u is water velocity and L is the length between input and 
measurement points. 

Calculation of effective volume/total volume ratio:

(10A)

With HRT is hydraulic retention time of the reactor.
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Introduction

As phosphorus is non-renewable element, its recycling is of great interest. Huge amount of 
phosphorus is lost annually for lack of P recovery, some part in wastewater treatment plants 
(WWTP). Stepwise, WWTP are adopting flow-diagrams that allow not only the removal of 
phosphorous from the water stream but also the recovery of such element. Most of them are 
based on enhanced biological phosphorous removal and recovery (EBPRR) processes. One of 
the systems currently applied to reach P removal and recovery is the sequencing biofilm batch 
reactor (SBBR) where microorganisms linked to P uptake growth attached to a plastic carrier. 
High performances on P removal are related to the presence and enrichment of 
Poly-phosphate accumulating organisms, PAO (Blackall et al., 2002). Several environ factors 
affect the abundance of PAO: temperature, pH, carbon source, among others (Seviour &
Nielsen, 2010). However, effect of salinity on the EBPR still remains unclear (Welles et al,
2014). In this research, the SBBR behaviour in the face of a short increase in salinity was
evaluated. The results of this research are applicable for those small and medium size 
populations located in coastal areas or those WWTP that suffer from saline intrusion. 

Material and Methods

Test were carried out in a 10 L-lab-scale –SBBR. The SBRR was operated in cycles of 8 h (3 
h anaerobic, 3 aerobic, 1 h anoxic and 1h settling phase). The SBBR reactor contained 
suspended polyethylene carriers comprising 10% of reactor volume. 

Daily, the reactor was fed with 15 L of urban wastewater from the Experimental Plant of 
CENTA at Carrión de los Céspedes (Seville, Spain). Once the reactor reached steady-state 
conditions, a punctual increase on salinity (by adding filtered seawater) was maintained 
during 3 consecutive cycles (24 hours) to check the acute effect on PAOs and the lag phase 
till recovering steady-state conditions. Three salinity concentrations were chosen in a 
step-wise manner from 0 to 10 % salinity (W/V)- 3 to 7.5 mS/cm- to cover the whole 
inhibition range of the microorganisms (from 0 to 100 % relative inhibition). The effect of the 
punctual increase on salinity on PAOs activity was assessed by the estimation of P removal 
rate.
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Results and Discussion

Figure 1 shows the curves of TP (mg/l) in the influent and effluent of the SBBR during the 
trial. In green circles, the days when the peaks of salinity are induced: 2% the first one (3
mS/cm), 5%, the second (4.9 mS/cm) and, 10 %, the third (7.5 mS/cm). According to the 
results, an increase in salinity, even at low doses, leads to a decrease in the P uptake capacity 
of the SBBR. In fact, the concentration of TP of increases from 2 mg/l at steady-state 
conditions to above 8 mg/l when the salinity in raised in the influent of the system. 
Furthermore, it is observed that the higher the salinity peak the larger period of time is 
required for reaching steady-state conditions in the system. When increasing the salinity 
above 7.5 mS/cm, the P uptake by PAO populations is seriously damaged, as observed at the 
end of the trial.    

Figure 1. TP (mg/l) observed during the trial in the influent and effluent of the SBBR 
Although biofilms are supposed to protect the biomass involved in the degradation of organic 
matter and nutrients uptake, it seems it is not able to reduce the impact of an increased salinity 
in wastewaters. Therefore, complementary treatments, such as chemical processes, should be 
included in the flow-sheet for preventing the uncontrolled release of nutrients in small 
WWTP.   
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Introduction

A rich and complex history of industrial activities, war-destruction, and economic turmoil has 
left Germany with more than 300 000 industrial contaminated sites presenting a threat to both 
the environment and the local populations. Many factories, chemical plants, and landfills
remain in operation and sometimes still contribute to the contamination of rivers and aquifers. 
As part of the regulation, these sites have been inventoried and, when possible, the cocktail of 
pollutants identified. The common mix of pollutants include biodegradable organic 
compounds such as BTEX, MTBE, aliphatic hydrocarbons and PAHs; “non-biodegradable” 
organic compounds such as organochlorides as well as inorganic compounds such as 
sulphides and cyanides.

Physico-chemical treatment units (air stripping, adsorption, chemical oxidation…) have been 
extensively implemented to treat water/wastewater and bring pollutant concentrations below 
accepted limits (DVGW, 2001). Since 2007, the UFZ has tested ecotechnologies such as 
treatment wetlands for the same purpose. Compared to other conventional systems,
ecotechnologies have proven to be effective, robust, inexpensive to operate and easy to 
maintain (van Afferden, 2011). Several treatment wetland pilot-scale investigations have been 
successfully validated and implemented at full-scale. 

Material and Methods

As of January 2017, the UFZ has designed, operated and tested six pilots for the treatment of 
contaminated water with pollutant concentrations as high as 30,000 μg.L-1. The typical 
pilot-scale ecotechnology design consists of two or three stages of vertical flow filters. The 
first filter is dedicated to the pre-treatment of the influent while the second and/ third filters 
perform the main treatment. The coarse media (gravel or expended clay) used for the filters 
and the extremely high hydraulic load to applied (up to 4 m³.m-².d-1) limit the risk of ion 
precipitation that could otherwise induce clogging. Homogeneous distribution of the influent 
water is critical to ensure proper treatment. 

Once the performance of a pilot plant meets the concentration limits, a scaling-up process can 
be initiated to prepare for a full-scale implementation. This process covers the aspects ranging 
from design to technical and operational specifications and from permitting procedures to cost 
estimation for feasibility and tendering.
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Results and Discussion

Of the six pilot plants already tested by the UFZ, one tested pilot has already been up-scaled 
(Leuna I) while one is under construction (Leuna II) and three have started an up-scaling 
process (Kupferhammer, Schwarze Pumpe and at the Chemical industry) (Table 1). Two pilots 
remain under investigation for further optimization. This successful use of ecotechnologies 
for remediation of industrially polluted water has attracted additional interest from the 
industry and governmental bodies, resulting in three new pilots being planned and another 
three being considered.  

From an economic aspect, the cost savings for Leuna I alone are expected to reach 
approximately 2 Mio. € within the first five years of operation thanks to very low operation 
and maintenance costs and requirements.  

Efficient treatment and economic advantages make ecotechnologies a very competitive 
treatment solution for treating industrial pollution. Successful projects are attracting the 
attention from stakeholders and the public. The high interest in the use of ecotechnologies
stresses the need for more research to investigate pollutant degradation mechanisms and 
degradation of reportedly “non-biodegradable” compounds. 

Table 1 
Site Pollutant of 

concern 
Influent 

concentration 
(mg/L) 

Removal 
rate (%) 

Pilot plant Full scale 
system 

Flow 
(m³/d) 

Leuna I BTEX 10 000 to 
20 000 

99.8 Closed In operation 600 

Leuna II MTBE 1800 to 3100 82.9 Closed Under 
construction 

430 

Kupferham-
mer 

Alkylphenol 5000 to 16 000 99.5 Closed Construction 
in 2018 

60 

Schwarze 
Pumpe 

Alkylphenol 7000 to 14 000 93.8 Closed Planned 5 000 

Chemical 
industry 

2,6-Dimethyl-
morpholin 

500 to 8500 85.6 In operation Planned 624 

Rositz Petroleum 
Derived 

Hydrocarbons 

20 000 to 
30 000 

In operation 
(just started) 

480 
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Introduction

The aim of this work was to test the effectiveness of low-energy Electro Flotation and Advanced 
Oxidation to reduce contaminants present in landfill leachate from a rural northern China city 
landfill. The operator of this site required a solution beyond traditional treatment methods that
require frequent maintenance. Goals for this demonstration were to reduce chemical oxygen 
demand (COD) from 10,000 mg/l to 100 mg/l and to reduce ammonia (NH4) from mid-300ppm 
to 8ppm. This demonstration was also an opportunity to show proof of concept of technology 
in a flow-through scenario and demonstrate effective treatment in real time. 

A result of rain or ground water that flows through the municipal and industrial wastes in 
landfills, leachate is a highly contaminated and complex industrial effluent that can contaminate 
nearby soil, groundwater and surface water and lead to a health risk for local communities. 
Many governments are taking note of the hazardous of landfill leachate and are updating 
discharge standards – in China, the EPA has already introduced new water discharge standards. 

Current technologies to clean landfill leachate lack the long-term efficiency needed to remove 
leachate’s high contaminant load. As demand for responsible treatment of landfill leachate 
grows, operators require a reliable and cost-effective way to clean up this hazardous wastewater.

Material and Methods

A 7-step treatment process was used to maximize contaminant removal. The flow rate was set 
at approximately 12 liters per minute to match the full tank capacity of the Advanced Oxidation 
(AOx) module and optimize efficiency. Iron(II) Sulfate Heptahydrate and sodium hydroxide
were added to the influent water in the holding tank to reduce biological oxygen demand (BOD),
raise the pH to 10 and ease flocculation. The influent water then entered an Electro Water 
Separation (EWS) flotation unit, where suspended solids were separated and clumped together 
using anodic reactor tubes. The wastewater then flowed through an ultrafiltration (UF)
membrane to improve clarity, and through an Advanced Oxidation unit with a pH of 8.7. 
Hydrogen chloride (HCl) was added to the stream to bring the pH of the solution down to 6.5.
Finally, the wastewater flowed through an ultrafiltration (UF) membrane to remove trace 
contaminants and a reverse osmosis (RO) system for final polishing. 

Results and Discussion

Following treatment, COD fell by 75%, Ammonia was reduced by 70% and Sulfur decreased 
by 65%. The black wastewater turned light brown following treatment and was clear after
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passing through a final RO membrane. Onsite testing showed final ammonia levels at 8ppm 
and a COD under 100. Interviews with end users in China suggest that existing leachate 
treatment costs roughly $10 - $15 per m3 and a cost analysis of this treatment method suggests 
that the total cost of this treatment ranges from $1.27 - $7.83 per m3 of wastewater. This is an 
economically viable treatment solution for rural China landfill managers.  

Construction engineering is currently exploring options for retrofitting existing flotation units, 
as well as responsive residence time and energy input combinations to enable this process to 
adapt to contamination load variations over long periods of time. Additional studies will also 
optimize module performance and address the removal of total dissolved solids (TDS) or other 
contaminants that may only be partially removed by this low-energy treatment. 

Metric (mg/l) Raw water Post-EWS % drop
COD 10,239 2,583 75

Ammonia 2,036 610 70
Sulfur 2,078 713 65

Figure 1: Lab results prior to RO treatment show a significant decrease in COD, Ammonia and Sulfur.

Further to this on-site demonstration, several test campaigns have been arranged using leachate 
from various sources and ages to assess this treatment system’s versatility and ability to handle 
influent variability. Subsequent tests were done in EWS:AOx lab cells having a batch treatment 
capability of 4 liters.

EWS:AOx abatement performance (additional demonstrations) 
Description Initial COD 

(mg/l)
Initial NH3 

mg/l
Final COD 

mg/l
Final NH3 

mg/l
% COD 

removal
% NH3 

removal
MK (China) 13,000 7,100 840 2,200 94% 69%
HK (China) 2,895 3,210* 656 11* 77% 97%*
WW 
(Malaysia)**

830 13 335 0 60% 100%

LG (China) 2,975 3,500 1,000 610 66% 83%
NY (China) 2,058 23 204 0.5 90% 98%
YY (China) 67,584 10,460 16,477 402 76% 96%
Average 77% 90%

* Measured parameter is Total Nitrogen
**  After initial biological treatment
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Abstract: According to the Chinese standard GB 16889-2008, the stabilized municipal solid waste 

incineration (MSWI) fly ash is allowed to be disposed in sanitary landfill when the leaching toxicity 

meets the relevant limits. Thus, the environmental behavior of MSWI fly ash in landfill leachate should 

be considered. In this study, leaching tests of MSWI fly ash, washing-pretreated MSWI fly ash and 

stabilized MSWI fly ash at different conditions were conducted to evaluate the stabilization of samples 

in landfills. The results show that the leaching concentration does not change much except at pH of 2. 

Leaching concentration of Zn, Pb, Cu, Cd, Cr is higher at 60 than 25 , and that is different for As.

The leaching concentration of heavy metals from each sample increases with higher solid/liquid ratio.

Keywords: Heavy metal; Landfill leachate; MSWI fly ash; Washing- pretreatment

1 Introduction

Due to the rapid increase of generated municipal solid waste(MSW) and land shortage 

for landfill disposal, incineration is becoming the prior choice of many cities for 

MSW treatment in China because of higher degree of volume reduction, risk 

minimization and energy recovery from municipal solid waste 

incineration(MSWI)( Sabbas 2003; Quina 2008). Although incineration could 

significantly reduce the waste volume by approximately 85-90% and provide usable 

energy, it is still imperfect for MSW disposal( Galiano 2011). One of the main 

concerns for MSWI is the generation of potentially hazardous residues such as fly ash



for it contains heavy metals and organic pollutants(Travar 2009; Zhang  2010; Pan

2013). The weight of fly ash from MSWI is up to 2-5 wt% of the original 

MSW(Zheng 2011). Methods to treat MSWI fly ash are mainly classified into three 

groups: separation, thermal treatment, and solidification/stabilization

(S/S)( Mangialardi  2003; Ferone 2013). S/S method is widely used to dispose 

MSWI fly ash because of its advantages of low-cost and easy to operate(Jiang  2009;  

Quina 2010; Colangelo 2012). The stabilized MSWI fly ash will be disposed in secure 

landfill sites. According to the Chinese standard GB 16889-2008, the stabilized 

MSWI fly ash is allowed to be disposed in sanitary landfills with MSW when the 

leaching toxicity of MSWI fly ash meets the relevant limits shown in Table 1. Thus, 

the environmental behavior of MSWI fly ash in landfill leachate should be 

considered. 

Table 1. Leaching concentration limits for MSWI fly ash. 

Pollutants Hg Cu Zn Pb Cd Be Ba Ni As Cr Cr( ) Se

mg/L 0.05 40 100 0.25 0.15 0.02 25 0.5 0.3 4.5 1.5 0.1

* Leaching solution: 17.25 mL HOAc diluted to 1 L, adjust pH to 2.64 0.05.

* Leaching procedure: flip oscillation for 18 2h at 30 2r/min and 23 2 with the solid/liquid of

1kg/20L.

The purpose of this study was to investigate the leaching behavior of MSWI fly ash in 

landfill leachate at different conditions. Leaching tests of MSWI fly ash, 

washing-pretreated MSWI fly ash and stabilized MSWI fly ash at different conditions 

were conducted to evaluate the stabilization of samples in landfills(Dijkstra 2006; 

Quina 2009; Shi 2009; Komonweeraket 2015). 

2 Material and Methods

2.1 Material

The MSWI fly ash and stabilized MSWI fly ash used in this study were obtained from 

a municipal waste incineration plant in Nanjing, China. Washing-pretreated MSWI fly 

ash was obtained by washing 12h at the solid/liquid(S/L) ratio of 1kg/20L. The

landfill leachate used in this study was obtained from a sanitary landfill site in 



Nanjing, China.

2.2 Methods

Effect of pH, solid/liquid and temperature on leaching concentration experiments

were carried out as following: MSWI fly ash mixed with liquid of different pH (1, 

3, 5, 7, 9, 11) at the S/L of 1kg/20L, and then oscillated at 25 for 24h; MSWI 

fly ash mixed with liquid at different S/L (1kg/5L, 1kg/10L, 1kg/20L), and then 

oscillated at 25 for 24h; MSWI fly ash mixed with liquid at S/L of 1kg/20L, and 

then oscillated at 25 and 60 respectively for 24h.

3 Results and Discussion

3.1 Effect of pH on heavy metals leaching concentration from MSWI fly ash



Figure 1. Heavy metals leaching concentration from MSWI fly ash at different pH. 

Fig. 1 shows the leaching concentration of As, Cd, Cr, Cu, Pb, Zn from MSWI fly ash 

at different pH. For As, leaching concentration changes little with the pH increasing, 

and the leaching concentration of MSWI fly ash is higher than stabilized and 

washing-pretreated MSWI fly ash.  

For Cd, leaching concentration is much higher at pH of 1, and then changes little at 

pH from 3 to 11. The leaching concentration of stabilized MSWI fly ash is close to 

that of washing-pretreated MSWI fly ash, which is lower than that of MSWI fly ash. 

For Cr, leaching concentration of MSWI fly ash is similar to that of stabilized MSWI 

fly ash, the maximum leaching concentration occurs at pH 1. The leaching 



concentration of Cr from washing-pretreated MSWI fly ash has been a low level at the 

whole process.  

For Cu, the leaching concentrations of different MSWI fly ash at different are all 

below 0.15mg/L, which is much lower than the limit value 40mg/L according to the 

standard.  

For Pb, the leaching concentration does not change obviously with the increasing pH, 

and varies between 2mg/L to 5mg/L, which means more concerns should be given to 

Pb during disposal of MSWI fly ash.  

For Zn, the leaching concentration of washing-pretreated MSWI is higher than that of 

MSWI fly ash and stabilized MSWI fly ash.

3.2 Effect of S/L on heavy metals leaching concentration from MSWI fly ash

Fig. 2 shows the leaching concentration of As, Cd, Cr, Cu, Pb, Zn from MSWI fly ash 

at different S/L ratio. As showing in Fig. 2(a), (b) and (c), the leaching concentration 

of As, Cd and Cr from MSWI fly ash, stabilized MSWI fly ash and 

washing-pretreated MSWI fly ash does not changed so much. As shown in Fig. 2(d), 

(e) and (f), the leaching concentration of Cu, Pb and Zn from washing-pretreated

MSWI fly ash is obviously lower than that of MSWI fly ash and stabilized MSWI fly

ash.

The leaching concentration of heavy metals from different kind of MSWI fly ash

exhibits the same trends when S/L ratio changes. The leaching concentration

decreased when S/L ratio changes from 1kg/5L to 1kg/20L. But, the leaching

concentration at S/L ratio of 1kg/5L and 1kg/10 is lower than twice and four times

respectively as much as that of 1kg/20L.



Figure 2. Heavy metals leaching concentration from MSWI fly ash at different S/L ratio.

Fig. 3 shows the leaching concentration of As, Cd, Cr, Cu, Pb and Zn from MSWI fly 

ash at different temperature. As shown in Fig. 3, the leaching concentration of heavy 

metals increased when temperature increasing except for As. For As, Cr, Cu and Pb, 

the leaching concentration from different kind of MSWI fly ash changes little. For Cd 

and Zn, the leaching concentration of MSWI fly ash is much higher than that of 

stabilized MSWI fly ash and washing-pretreated MSWI fly ash.

In this study, the leaching concentration of As, Cd, Cr, Cu and Zn is lower than the 

limit value in Table 1. according to the Chinese standard GB 16889-2008, and the 

leaching concentration of Pb is much higher than the limit value. 



Figure 3. Heavy metals leaching concentration from MSWI fly ash at different temperature. 

4 Conclusions 

This study investigated the effect of pH, S/L ratio and temperature on the heavy 

metals leaching behavior when MWSI fly ash disposed in landfill leachate. The 

results show that: the leaching concentration does not change much except at pH of 

2; the leaching concentration decreased with S/L ratio decreasing; the leaching 

concentration increased with temperature increasing except for As; the leaching 

concentration of heavy metals lower than the relevant limit value except Pb. Therefore, 

further study and concern should focus on the stabilization of Pb. 
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Introduction

In the following study we investigated the effectiveness of a vertical-flow soil filter (VFSF) 
system to prevent clogging problems due to precipitation of ions (Fe2+, Mn2+ and Ca2+) and to 
assess the influence of different HLRs on the effectiveness of the VFSFs treating industrial 
wastewater under cold climatic conditions with low ambient air temperatures. 

Highly efficient biological degradation of MTBE and BTEX has already been investigated in 
a VFSF treating contaminated groundwater (van Afferden et al. 2011). However, issues of 
filter clogging due to several ion precipitations and freezing in winter temperatures still 
remain. Under extended period of cold climate with ambient air temperatures reaching well 
below freezing, the effect of cold winter temperatures on microbial degradation are crucial for 
constructed wetland performance (Seeger et al., 2011. Low temperatures are not only 
affecting the pollutant removal in constructed wetlands but can also cause the packing layer to 
freeze, result in pipes breaking (Wallace et al., 2001) and many other adverse consequences. 

Material and Methods

Two technical-scale VFSFs, the Roughing Filter (RF) and Polishing Filter (PF), were used 
and operated in two-stage in this study. Both filters were filled with granular materials of 
different grain sizes and arranged in layers of varying configurations. The filters were 
operated outdoors at the site, with their surface exposed to the local climatic conditions. 
Industrial wastewater contaminated with MTBE and benzene was injected intermittently to
the top of the first filter (RF) at a mean HLR of 960 L m 2 d 1 and the effluent of the RF was 
then pumped into the second treatment step (PF) at a HLR of 480 L m 2 d 1. This intermittent 
dosing of water was chosen to provide good oxygen transfer to the water phase (Tilley, 2014). 
This experiment was conducted in a way that at least two winter seasons can be compared 
under different HLRs within the filters. 

Results and Discussion

The main results showed: (i) during two-stage operation, a highly efficient Fe2+ removal with 
a mean removal efficiency of 99% was already observed in the effluent of the first treatment 
step (Figure 1) and protected the second filter from potential clogging due to iron hydroxide 
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precipitates, (ii) with a high HLR in the RF resulted in only 3% removal of the mean Ca2+

inflow concentration (211 ± 18 mg L 1). This clearly showed that at high HLR, Ca2+ was 
rapidly flushing out of the VFSF system instead of carbonate precipitations and proved to be 
very effective to protect the filter from potential clogging., (iii) during winter, when daily 
mean outside air temperature was as low as °C (Figure 1), a relatively low water 
temperature in the range of 5.1–8°C in the effluent and a low MTBE and benzene mean 
removal rate of 0.41 ± 0.07 and 2.08 ± 0.33 g m 2 d 1, respectively, was observed at a low 
HLR (120 L m 2 d 1); whereas, at a high HLR (960 L m 2 d 1), a mean temperature of 13.0 ± 
1.3°C was maintained inside the filter resulting in a high MTBE and benzene removal rate.
Results suggest that a two-stage VFSF can be a promising technology for the remediation of 
heavily contaminated groundwater or industrial wastewater in oil and gas industries. 

Figure 1. Mean influent and effluent concentration of different ions and their removal and dynamics of 
MTBE and water temperature in the effluent under different HLRs during A) winter 1 and B) winter 2
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Abstract: The suspended solids (SS) concentration in the effluent of Moving Bed Biofilm Reactors 
(MBBR) used for secondary biological treatment (pure-MBBR) can be up to 500 mg/L. Several pilot-
studies have shown that microscreens (with 40 micron) in conjunction with 2-stage chemical pre-
treatment, can provide total phosphorus (TP) removal through precipitation (80-90 %), and SS 
removal (80-99 %) in the MBBR effluents depending on influent concentration, chemical dosage and 
requirements on the effluent discharge. 

The present study shows that a small-scale municipal WWTP (5,700 Population Equivalents, PE) can 
be upgraded (to 12,000 PE) by combining MBBR process (with about 140 m2 footprint) with 
coagulation-flocculation tanks and Discfilter (with about 20 m2 footprint) to cover the current and 
future treatment needs. This compact treatment system can provide reduction of turbidity from 290 to 
9.6 NTU, suspended solids (SS) from 120 to 11 mg/L, ammonium (NH4-N) from 19 to 0.04 mg-N/L, 
chemical oxygen demand (COD) from 120 to 11 mg/L, and TP from 4.5 to 0.3 mg/L. Overall, the 
results show that yearly effluent demands can be complied with combining pure-MBBR-coagulation-
flocculation-Discfilter process at full-scale. 

Keywords: flocculation, coagulation, Discfilter, Moving-Bed Biofilm Reactors (MBBR), 
phosphorus removal, suspended solids 

INTRODUCTION 
The Moving-Bed Biofilm Reactor (MBBR) process is a well-known and proven technology, 
which has been used extensively for nitrogen and carbon removal (Ødegaard et al. 1994; 
Rusten and Ødegaard 2007, Ødegaard et al. 2010). Suspended solids (SS) removal 
downstream of MBBR by microscreens with woven media (either Disc- or Drumfilters) has 
been studied and commercialized for more than 10 years (Persson et al. 2006, Mattsson et.al. 
2009, Wilén et al. 2012, Gustavsson & Cimbritz, 2013, Rossi et al. 2013).  

SS concentrations from an MBBR-process designed for removal of Biological Oxygen 
Demand (BOD) are typically in the range of 100-250 mg/L (Ødegaard et al. 2010) and in 
some cases even up to 500 mg/L (Rossi et al. 2013). Therefore, chemical pre-treatment 
(flocculation alone or in a combination with coagulation) upstream of Disc and Drumfilters 
with 40 micron pore openings are needed to fulfil the effluent discharge requirements. 
Advantages of combining flocculation step with microscreen, include increased filtration flux 
and decreased filtration area, reducing both investment cost and footprint of equipment, 
compared to filtration without chemical pre-treatment. A coagulation step is required prior to 
flocculation, when chemical phosphorus precipitation is targeted. The coagulation-
flocculation-filtration process is also considered, when there are stricter discharge 
requirements for the effluent SS concentrations. 



The IWA S2Small2017 Conference on Small Water & Wastewater Systems and Resources Oriented Sanitation 

Optimal dosages in total phosphorus (TP) removal applications are crucial to create 
sufficiently strong flocs that can be retained by the Discfilter sieving process (Väänänen 
2017). Variable characteristics of wastewater (e.g. chemical composition of influent, particle 
characteristics, and size distribution) affect the optimum chemical dosage. Overdosing of 
coagulant and polymer can impair significantly the filtration fluxes of the installation and lead 
to unnecessary increase of the operational cost. Therefore, careful design of the dispersion and 
mixing in coagulation and flocculation stages combined with precise process control are 
necessary, especially when low TP concentrations need to be reached (Väänänen 2017).  

Even though many pilot-scale studies have been carried out to gather comprehensive return of 
experience for this process combination, it is also important to show that long-term year-
around operation is successful. This case study illustrates how the small-scale WWTP of 
Taninges, built for 5,700 population equivalents (PE) in 1973, has been upgraded in 2015 up 
to 12,000 PE with a pure-MBBR followed by 2-stage chemical pre-treatment with disc 
filtration to achieve <2 mg-TP/L in the effluent. The aim of this work was to follow up the 
operation of this installation to improve process knowledge about the particle separation and 
TP removal efficiencies downstream pure-MBBR. 

MATERIAL AND METHODS 

The Taninges WWTP is located 2 km away from Taninges, very close to popular ski-resorts 
south-east of France. During upgrading of the WWTP, the existing activated sludge process 
(AS) was replaced by pure-MBBR process (Figure 1), consisting of 2 lines with 2 reactors 
each in series. Carbon removal takes place in the first reactor of 193 m3 (60% filled with 
AnoxKaldnes K5™ carriers) and nitrification occurs in the second reactor of 285 m3 (50% 
filled with AnoxKaldnes K5™ carriers). The MBBR filling degrees correspond to the load 
from 12,000 PE, with possibility to increase up to 17,000 PE, if required. The MBBR is 
followed by a 2-stage chemical pre-treatment for TP precipitation and Discfilter 
(HSF2212/11-2F, Veolia Water Technologies AB, Sweden) with 40 micron filter panels. The 
Discfilter has 11 vertically mounted discs and features the possibility of adding one more disc 
to increase the plant’s capacity. The Discfilter installation was dimensioned for a maximum 
flow of 280 m3/h. A part of the effluent is reused for backwashing the filter panels at a 
pressure of 0.8 MPa without interrupting the wastewater treatment process. The sludge 
generated while backwashing is directed to a buffer tank and thereafter dewatered in a 
decanter centrifuge. The centrate from the centrifuge is occasionally pumped back to the 
upstream of MBBR. 

Figure 1. Schematic layout of Taninges wastewater treatment plant. 
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At start-up of the full-scale plant, 3.7 mg Al3+/L (PAX-18, Kemira Ltd., Finland) and 3 mg/L 
cationic emulsion polymer (Hydrex 6631, Veolia Water Technologies, France) were 
considered as the suitable doses and types of chemicals for coagulation and flocculation. After 
the plant was brought to operation, further adjustment of the dosing was conducted by bench 
scale jar-test equipment (Flocculator 2000, Kemira Kemi AB., Sweden) and Hydrotech’s Test 
tube (Veolia Water Technologies AB, Sweden). Effluent concentrations between 1-1.5 mg-
TP/L were targeted, even though the discharge requirement was  2 mg-TP/L. Throughout the 
3 monitoring periods described here, the dosage of Al-based coagulant was changed between 
3.7 and 5.5 mg Al3+/L, based on the results from jar tests. The dose of the cationic polymer 
was changed from 3.0 to 1.9 mg/L in the beginning of the follow-up study and remained so 
during the rest of the time. 

Continuous operation, covering daily and seasonal variations, was monitored by online 
instruments on a daily basis with measurement frequency of 5 min from December 2016 to 
May 2017. Optical probes for turbidity measurements (Solitax SC, Hach Lange GmbH, 
Germany), together with a TP analyser (Phosphax Sigma, Hach Lange GmbH, Germany) 
were connected to a metering unit (SC1000, Hach Lange GmbH, Germany) for online 
monitoring of SS and dissolved phosphorus (orthophosphate, PO4 

3-, HPO4
2-) in the influent

and effluent of the Discfilter. 

Additionally, hourly composite samples were collected with two autosamplers (AS950, Hach 
Lange GmbH, Germany) from the MBBR effluent (before coagulant dosing point) and the 
Discfilter during 3 days in December 2016, April 2017, and May 2017. Grab sampling was 
carried out in parallel to the online measurement campaign (Table 1). 

Table 1. Operational conditions and sampling during investigation periods. 

Duration of 
tests 

Aim of the study 

Al3+

dosing 
(mg 

Al3+/L)

Polymer 
dosing 
(mg/L) 

Sample 
type 

Number/ 
frequency
of samples 

Dec 2016 
(3 days) 

Evaluate and optimise chemical 
dosings and its effect on particle and 
TP separation by Discfilter 

3.7 – 4.0 3.0 –1.9 
Hourly 
composite 
samples 

41 

Dec 2016- 
April 2017 

Evaluation of long-term continuous 
operation of Discfilter with 2-stage 
pre-treatment 

4.0 – 5.5 1.9 
On-line 
measurement 

Every 5 
min 

April 2017 
(3 days) 

Evaluate the chemical dosing and its 
effect on particle and TP separation 
by Discfilter 

4.7 – 5.5 1.9 
Hourly 
composite 
samples 

45 

April – May 
2017 

Evaluation of long-term continuous 
operation of Discfilter with 2-stage 
pre-treatment 

5.0 1.9 
On-line 
measurement 

Every 5 
min 

May 2017 
(3 days) 

Evaluate MBBR and Discfilter 
performance 

5.0 1.9 

Hourly 
composite 
samples & 
Grab 
samples 

9 

May –June 
2017 

Evaluation of long-term continuous 
operation of Discfilter with 2-stage 
pre-treatment 

5.0 1.9 
On-line 
measurement 
every 5 min 

Every 5 
min 

Online meters were regularly calibrated via lab measurements. The SS content was 
determined according to DIN 38404/DIN EN 872:2005/Standard methods 2005. Cuvette tests 
LCK348, LCK349 and LCK 350 (Hach Lange GmbH, Germany) were used for TP 
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measurements. Turbidity was manually measured in grab samples with a Turbidity meter 
(2100P, Hach Lange GmbH, Germany). Cuvette tests (Hach Lange GmbH, Germany) 
LCK303 and LCK304 were used to measure ammonium (NH4-N), LCK238 for total-nitrogen 
(TN), LCK114 and LCK314 for chemical oxygen demand (COD) in the composite samples. 

RESULTS AND DISCUSSION 

Impact of coagulant dosing in coagulation-flocculation step before Discfilter 
The removal of P from wastewater involves the precipitation of phosphate as SS and the 
subsequent removal of those solids (Tchobanoglous et al. 2003). Typically, the post-MBBR 
SS concentration in feeding to the solids separation unit is around 150-250 mg SS/L when 
municipal sewage is treated (van Haandel & van der Lubbe 2012). At Taninges WWTP, the 
daily average SS concentrations in the MBBR effluent varied between 90 and 360 mg SS/L 
(Figure 2a). In spite of the high influent SS concentrations to solid separation, SS 
concentration below 10 mg/l could be reached consistently using chemical pre-treatment (with 
Al3+ dose of 4.7-5.5 mg/L and with 1.9 mg/L polymer addition) and Discfilter with 40 
microns. The required Al3+ dose is in the same range as in settling/flotation combined with 
processes, where SS in effluent is expected to be around 10-15 mg SS/L (van Haandel & van 
der Lubbe 2012). 

The removal efficiencies for TP were between 50 and 97 % (Figure 2b), depending on the 
amount of Al3+ dosed and TP concentrations in the influent. The effluent TP values were 
below 2 mg/L, with Al3+ doses above 4.7 mg Al3+/L for TP concentrations of up to 9 mg/L in 
the MBBR effluent. 

a b 

Figure 2. Concentrations of SS (a) and TP (b) in the influent and effluent of coagulation-
flocculation-Discfilter process (at different Al3+ doses and 1.9 mg/L polymer addition). 

TP concentration in the effluent from MBBR (influent to coagulation-flocculation-Discfilter 
process) varied in a large range, between 3 and 9 mg-TP/L. Required molar ratios of Al3+ 
dosed/TP in influent were between 0.7-2.3 to achieve <2 mg-TP/L in the filtrate (Figure 3). 
Previous studies indicate that a molar ratio of 5-7 mol Me 3+/mol influent TP was sufficient to 
consistently achieve <0.1 mg-TP/L in the effluent of a plant combining a 2-stage chemical 
pre-treatment and Discfilter (Väänänen 2014, 2017). The molar ratios presented by Väänänen 
were higher, as the tests were performed on a different wastewater application with a lower 
TP influent concentration range. Higher dose of coagulant was required in order to remove 
sufficient amount of TP and to achieve effluent concentrations below 0.1 mg-TP/L. The 
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coagulant doses in this study are also lower than what was used by Väänänen et al. (2016) in 
primary treatment (5-20 mg Al3+/L or 10-30 mg Fe3+/L), where <0.3 mg-TP/L in the effluent 
was targeted. In conclusion, exact molar ratios of dosed coagulant to soluble phosphorus in 
the effluent vary for different applications, depending on the TP concentration in effluent that 
needs to be obtained and on the amount of phosphorus that is in soluble form. 

Figure 3. Effluent TP concentration achieved versus molar ratios of metal dosed/TP in 
influent. 

In order to combine coagulation and flocculation with microscreen, polymer doses of 1-5 mg 
polymer/L can be required for primary and 0.5-1.5 mg polymer/L tertiary treatment 
(Väänänen, 2017). The dose of 1.9 mg/L emulsion added in this study would correspond to 
about 0.9 mg/L polymer dose.  

Evaluation of long term performance 
Actual hourly average flow during the 5 months was 61 m3/h, which is much lower than the 
design flow (280 m3/h). The on-line measurements of flow indicate significant daily 
variations and that flows peak up to 125 m3/h (Figure 4). 

Figure 4. Online measurements of turbidity and flow. 
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Online turbidity measurements (Figure 4) showed that variations of daily average influent 
turbidity values between 146 and 431 NTU did not affect the daily effluent turbidity values, 
which remained between 0.6 and 10 NTU. This would correspond to SS concentrations 
between 1.5 and 25 mg SS/L by using a converting factor of 1/0.39 (obtained by comparing 
the laboratory and on-line measurements of turbidity and SS in the effluent, Figure 5). All 
turbidity values in the effluent (except during 1 day) were under the required effluent limit 
value of 35 mg SS/L (corresponding to 13.8 NTU). 

Figure 5. Comparison of laboratory and on-line measurements of turbidity (NTU) and SS 
(mg/L) values. 

On-line measurements often point out that peaks of turbidity and flow occur the same day 
(Figure 4). SS loading to the Discfilter was between 20 and 300 g SS/m2/h, which yielded an 
backwash time during the monitoring period of about 12% (with 95%-tile of 35%). The 
loading and backwash values indicate that full capacity of Discfilter was not utilized during 
the monitoring period. This might be due to the fact that the daily-averaged wastewater flow 
to the plant was much lower than the peak design flow. The unit is sized to deal with the 
maximum instantaneous flow in order to give the plant the opportunity to treat all wet weather 
flow and seasonal high loading events. 

The total solids (TS) content in the sludge from Discfilter varied between 4.0 and 6.8 g/L. The 
sludge is dewatered to 19-25% TS by the centrifuge. The centrate from the centrifuge is 
pumped back when required upstream of the MBBR and represents about 8% of total influent 
flow. The concentrations of SS and TP in the centrate were between 0.3 and 1.8 g SS/L, and 
4-13 mg-TP/L and would contribute little to the MBBR load.

Evaluation of overall WWTP performance 
Results from sampling period in May (Table 2) show that average reductions of 97% of COD, 
99.8% of NH4-N and 99% of turbidity were achieved by the plant. TN removal was on 
average 43% and nitrogen leaves the WWTP mainly as NO3-N (plant is not sized for 
denitrification).  

Assessment of treatment method 
The MBBR process combined with coagulation-flocculation-filtration has a total footprint of 
about 160 m2. Microscreens can be delivered with their own stainless-steel tank, which 
together with the reduced footprint, reduce significantly the construction costs with respect to 
other technologies. 
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Table 2. Treatment performance of MBBR coupled with 2-stage chemical pre-treatment and 
Discfilter (Average±standard deviation) 

Parameter 
Influent to 

MBBR 
(mg/L) 

Effluent from 
MBBR 
(mg/L) 

Effluent from 
Discfilter 

(mg/L) 

Min and 
max 

removal 
efficiencies 

by plant 
(%) 

Require-
ments on 
effluent 
(mg/L) 

Required 
removal 

efficiencies 
(%) 

COD 
290 

(±81) 
116 (±14) 

9.6 
(±1.7) 

96,6-98 125 80 

NH4-N 
19 

(±6) 
0.06 

(±0.05) 
0.04 

(±0.01) 
99,7-99,9 3.1 94 

TN 
54 

(±17) 
41 (±9) 28 (±7) 

17-72 14 82 

TP 
4.5 

(±1.6) 
2.9 (±0.2) 

0.3 
(±0.1) 

88-92 2 

SS 
120 

(±33) 
103 (±9.6) 11 (±16) 

61-100 35 90 

Turbidity 
79 

(±31)* 
103 

(±10)* 
1 

(±0.2)* 
97-99 - - 

*Turbidity values are in NTU, not mg/L

Table 3. Amount of chemicals used in conjunction with chemical pre-treatment prior to the 
Discfilters and cost estimations 

Dosage 
(mg/L) 

Consumption* 
(kg/year) 

Annual cost 
(EUR/year) 

Cost of treated water 
(EUR/m3) 

Coagulant** 5 29,500 21,000 0.039 

Flocculation aid** 1.9 1,000 1,700 0.003 
Total 22,700 0.042 

*At 5-month daily average flow of 61 m3/h

**Estimated Cost of PAX-18 is 0.7 EUR/kg and Polymer 1.7 EUR/kg wastewater 

Estimated cost for chemical pre-treatment in conjunction with Discfilter is about 0.042 
EUR/m3 of treated wastewater (Table 3). Since dosing of coagulant and flocculent has been 
flow proportional, the actual annual cost of chemical pre-treatment can fluctuate around 22.7 
kEUR due to the variation between the actual and design average flow. Van Haandel & van 
der Lubbe (2012) stated that since MBBR biomass are not very favourable for settling and 
since in most countries phosphate removal is required, cost of chemicals for pre-treatment 
needs to be included within operational cost even for other separation techniques e.g. gravity 
settling. If, for example, a load-proportional feed forward dosing or feedback control (as 
presented by Väänänen, 2017) could be applied instead of the flow-proportional dosing, 
annual chemical consumption would be reduced and the process at the studied plant would be 
optimized even further. 

CONCLUSIONS 
The presented study shows that a small-scale WWTP (for 5,700 PE) can be upgraded (up to 
12,000 PE) by combining MBBR with a coagulation-flocculation-Discfilter process to cover 
the current and future treatment needs. This very compact treatment system can provide a 
very good reduction of turbidity, SS, NH4-N and COD and fulfil the discharge limits of 2 mg-
TP/L. 
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Introduction

Nowadays, phosphorus (P) recovery from wastewater represents a promising strategy to 
overcome the shortage of natural resources (e.g. apatite rocks) for industrial production of 
chemical fertilizers. Moreover, P removal from wastewater can significantly reduce the supply 
of this nutrient into sensitive aquatic ecosystems, thus reducing the risk of eutrophication. 
Therefore, research on development of efficient techniques to recover P from wastewater has 
gained a growing attention (Nancharaiah et al., 2016; Cieslik and Konieczka, 2017). Overall, 
the techniques commonly employed to retain P from wastewater can be summarized into two 
main categories: (i) biological: P is removed by polyphosphate accumulating organisms and it 
is accumulated in the sewage sludge; (ii) physicochemical: P is removed by chemical 
precipitation and/or retention on filter materials having a high affinity for P binding. 

This study aims at evaluating P recovery from two different solid residues originated from 
wastewater treatment plants (WWTP): (i) sewage sludge residues from high temperature and 
pressure water oxidation, and (ii) bauxite residues used as filter media to upgrade P removal in
constructed wetlands. The main objectives are: (i) to improve P extraction efficiency while 
limiting the release of undesired compounds (e.g. heavy metals), and (ii) to produce highly P 
concentrated eluates that can be used as a valuable resource for fertilizer production.

Materials and methods

Sewage sludge residues used in this study come from the Pioline WWTP (Aix-en-Provence, 
France), whereas bauxite residues were collected from a pilot-scale filter treating a synthetic P
wastewater after one year of operation (Institut Mines Telecom Atlantique, Nantes, France).

First, aqua regia extractions (EN 13657) were performed to determine the total P content of the 
residues. Second, sequential extractions (as adapted by Barca et al., 2014) were carried out to 
quantify four fractions of P on residues: (i) weakly bound P, (ii) Fe and Al bound P, (iii) Ca 
bound P, and (iv) P in residual stable compounds. Third, P extraction experiments (adapted 
from EN 12457(1-2)) were performed to determine the best extractant solution (1 M HCl, 1 M 
citrate, 1 M acetate, 0.1 M oxalate, and 0.1 M NaOH) and the best liquid to solid ratio L/S (2,
5, 10, and 20 L/kg). 

Results and discussion

Sludge residues showed a total P content of 131.9 ± 1.8 mg P/g (average ± standard deviation) 
with P mainly present as Ca bound P (86% of total P), whereas bauxite residues showed a total 
P content of 1.26 ± 0.04 mg P/g with P mainly present in stable compounds (83% of total P). 



P extraction efficiency from sludge residues was higher than 65% after 24 h of extraction when 
using 1 M citrate and 1 M HCl at the L/S ratio of 10 L/kg, thus leading to P extraction capacities 
of about 90 mg P/g of dried material. The increase of the L/S ratio to 20 L/kg did not lead to a 
substantial increase in P extraction efficiency (Fig. 1A). Moreover, a good direct correlation 
between the amounts of Ca and P extracted by acid solutions was observed (R2 > 0.95), with 
molar ratios of Ca to P ranging around 1.2. This seems to confirm that P extraction from sludge 
residues was primarily related to dissolution of Ca-P complexes. Instead, the best extractant 
conditions for bauxite residues were observed when using 1 M citrate at the L/S ratio of 5 L/kg,
thus leading to P extraction efficiency higher than 75% (Fig. 1B). Moreover, results indicated 
that organic acids were more performant than HCl, most probably because P complexing 
properties of organic acids favoured P extraction from stable compounds of bauxite residues.

Fig. 1. P extraction experiments: A) sludge residues; B) bauxite residues.

However, high Al and Fe concentrations (up to 5 g/L) were often observed in the leachates,
indicating the need to develop a process of P concentration and purification of the leachates 
(e.g. sequential precipitation of Al and Fe hydroxides). In addition, P retention experiments 
performed at the Institut Mines Telecom Atlantique have shown that P saturation capacity of 
bauxite residue was not reached, indicating the need to continue the operation of the pilot-scale
filter and/or to perform complementary long term experiments under real operating conditions.

Acknowledgment

This project has received the support and has been founded by ECCOREV Research Federation.

References

Barca, C., Meyer, D., Liira, M., Drissen, P., Comeau, Y., Andres, Y., Chazarenc, F., 2014. Steel 
slag filters to upgrade phosphorus removal in small wastewater treatment plants: Removal 
mechanisms and performance. Ecol. Eng. 66, 214-222. 

Cieslik B., Konieczka P., 2017. A review of phosphorus recovery methods at various steps of 
wastewater treatment and sewage sludge management. The concept of “no solid waste 
generation” and analytical methods. J. Cleaner Production 142, 1728-1740. 

EN 12457(1-2), 2002. Characterisation of waste. Leaching. Compliance test for leaching of 
granular waste materials and sludges.

EN 13657, 2002. Characterization of waste. Digestion for subsequent determination of aqua 
regia soluble portion of elements. 

Nancharaiah Y.V., Venkata Mohan S., Lens P.N.L., 2016. Recent advances in nutrient removal 
and recovery in biological and bioelectrochemical systems. Bioresour. Technol. 215, 173-185. 

0

20

40

60

80

100

0 5 10 15 20

P 
ex

tra
ct

io
n 

ef
fic

ie
nc

y 
(%

)

L/S ratio (L/kg)

1 M HCl 1 M citrate

0.1 M oxalate 1 M acetate

0.1 M NaOH

0

20

40

60

80

100

0 5 10 15 20

P 
ex

tra
ct

io
n 

ef
fic

ie
nc

y 
(%

)

L/S ratio (L/kg)

1 M HCl 1 M citrate

0.1 M oxalate 1 M acetate

0.1 M NaOH

A B



Long-term investigation of phosphorus removal by 
iron electrolysis in actual small-scale wastewater 
treatment plants
Ref # S2SMALL-99511 

I. Mishima1*, M. Hama2, Y. Tabata3, J. Nakajima4

1 Water Environment Group, Center for Environmental Science in Saitama, 914 
Kamitanadare, Kazo, Japan
2 1st Development Department, Fuji Clean Co., Ltd., 4-2-21 Neura, Miyoshi, Japan
3 2nd Development Department, Fuji Clean Co., Ltd, 33 Yamahana Yamayashiki, Chiryu, 
Japan
4 Master's Program in Environmental Engineering, Vietnam Japan University, Luu Huu 
Phuoc, My Dinh 1, Nam Tu Liem, Hanoi, Vietnam

* Corresponding Author: mishima.iori@pref.saitama.lg.jp

Abstract: Small-scale wastewater treatment plants (SWTPs) called Johkasou are widely 
used as decentralized and individual wastewater treatment systems in sparsely populated 
areas in Japan. Even in SWTPs, nutrients should be removed to control eutrophication. An
iron electrolysis method is effective to remove phosphorus chemically in SWTPs. However, 
it is necessary to determine the precise conditions under which phosphorus can be 
effectively and stably removed in actual SWTPs for a long period. Therefore, long-term 
phosphorus removal from SWTPs was investigated and optimum operational conditions for 
phosphorus removal by the iron electrolysis were analyzed in this study. Efficient 
phosphorus removal can be achieved for a long time by adjusting the amount of iron 
against the actual population equivalent. The change of the circulation ratio had no 
negative effect on overall phosphorus removal. Phosphorus release to the bulk phase was 
prevented by the accumulated iron which was supplied by iron electrolysis, resulting in 
stable phosphorus removal.  The effect of environmental load reduction due to phosphorus 
removal by iron electrolysis was greater than the cost of power consumption for iron 
electrolysis.

Keywords: Iron electrolysis; phosphorus removal; Fe/P molar ratio; small scale 
wastewater treatment plants.

INTRODUCTION
Small-scale wastewater treatment plants (SWTPs) called Johkasou are widely used as 
decentralized and individual wastewater treatment systems in sparsely populated areas in 
Japan. They can treat domestic wastewater from fewer than 10 household directly. Even in 
SWTPs, nutrients should be removed in order to control eutrophication in Japan. SWTPs are 
often installed in agricultural regions with a small population, and the phosphorus removed 
and accumulated in SWTPs may be used as agricultural fertilizer. Studies on phosphorus 
recovery from sludge incineration have also been progressing in recent years. As a process 
prior to the application of these techniques, a method for chemically and stably removing 
phosphorus in small-scale facilities such as SWTPs would be effective.

An iron electrolysis method is an electrocoagulation technique (Mollah et al., 2001; Pulkka et 
al., 2014) that uses electrochemical technology (Cong et al., 2016), which has been recently 
developed as a new method for the addition of iron as a coagulant into the wastewater 
treatment process ( rdemez et al., 2006; Mishima and Nakajima, 2011; Tran et al., 2012).
Ferrous ions are supposed to be released from the anode of the iron electrodes, and then 
oxidized by dissolved oxygen to become ferric ions. These ferric ions in turn combine with 



phosphate ions to remove phosphate from the wastewater. Phosphorus can easily be removed 
by means of the formation of compounds such as FePO4, as conducted in this study. 

With the iron electrolysis method, because an iron plate can be kept in an aerobic tank, it is 
not necessary to install the liquid coagulant tank used at large-scale treatment plants.
Furthermore, alkali is consequently produced in a cathode, therefore the pH decrease involved 
when adding liquid coagulant does not occur. In addition, microorganism respiratory activities 
were not reduced using iron electrolysis in actual wastewater treatment plant (Mishima and 
Nakajima, 2011). It is also known that iron oxides formed in the anode may prevent the iron 
electrode from dissolving from the electrode resulting in deteriorated phosphorus removal 
performance. This problem was addressed by interchanging the anode and cathode in several 
periods, and this technology enabled a long-term phosphorus removal operation (Moriizumi et 
al, 1999). 

However, problems still remain with regard to the stability of phosphorus removal. Therefore, 
the behavior of phosphorus and Fe in SWTPs must be investigated in detail in order to clarify 
the factors contributing to phosphorus removal. Furthermore, it is necessary to determine the 
precise conditions under which phosphorus can be effectively and stably removed in actual 
SWTPs for a long period. Therefore, long-term phosphorus removal from SWTPs was 
investigated and optimum operational conditions for phosphorus removal by the iron 
electrolysis were analyzed using the data collected. Then, the effects of both the internal 
phosphorus behavior in the tank and the circulation ratio on the overall phosphorus removal
were also investigated in plants. Finally, economy of this phosphorus removal system was 
calculated using a LCA tool to evaluate the cost effectiveness of this system.

MATERIALS AND METHODS 

Investigated wastewater treatment plants
This study targeted five actual SWTPs (S1 to S5, each treating wastewater from five people 
equivalents), in which the iron electrolysis equipment for phosphorus removal was installed at
the top of the aerobic tank. Each plant had two anoxic tanks and one aerobic tank, as shown in 
Figure 1. The volumes of anoxic tank 1, anoxic tank 2, and the aerobic tank were 0.93, 0.95, 
and 0.73 m3, respectively. Fluidized media were placed into the aerobic tank for biological 
oxidation of organic matter and nitrogen. Filtration using the fluidized media was performed 
at the bottom of the aerobic tank, and the wastewater in the aerobic tank was returned to the 
anoxic tank 1 for denitrification. Four iron electrodes (two units) were installed in the aerobic
tank. The weight of each iron electrode was approximately 1.2 kg, and a direct current was 
allowed to flow in order to release iron ions for phosphorus removal. 

Figure 1. Treatment process of investigated SWTPs with iron electrolysis. 

Operational conditions of wastewater treatment plants 
The operational conditions of the five SWTPs are shown in Table 1. Each SWTP can serve
five people equivalents; however, the actual population using it was two to five people. The 
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Fe addition and circulation conditions were adjusted during the experiment in order to assess 
their effect on phosphorus removal performance. Fe was not added during the first period for
all plants nor for all periods of S2 as the control experiment. The amount of Fe addition was 
calculated according to Faraday’s law, based on the direct current. The Fe/P molar ratio
(molar ratio of planned P load to amount of Fe addition) and circulation ratio (ratio of 
returned flow rate as circulation to influent flow rate) were also calculated, and are shown in 
parentheses in the Fe addition and circulation row of Table 1. Backwashing was carried out 
twice a day by means of intensive aeration to move the sludge produced in the aerobic tank to
the anoxic tank 1. The biologically and chemically produced sludge was stored in anoxic tank 
1.

Removal of the accumulated sludge in each SWTP was conducted before beginning the
sampling. Effluent sampling was carried out every two weeks, for an entire year from January 
2014 to January 2015. BOD, SS, DOC, T-N, NH4-N, NO3-N, NO2-N, T-P, PO4-P, Ca and Fe
in the effluent were measured. The sludge at the bottom of the SWTP tanks was also sampled, 
and the Fe content in the sludge and PO4-P concentration in the filtrate were measured in 
order to observe their effects on phosphorus removal. The amount of water consumption was 
estimated as the influent flow to SWTP by means of a water supply meter installed in each 
individual house. 

Table 1. Operational conditions of investigated SWTPs. 
Population Condition Period1 Period2 Period3 Period4 Period5

S1 5 
Fe addition gFe/d - (-) 8 (0.9) 14 (1.5) 14 (1.5) 14 (1.5)
Circulation m3/d 4 (4) 4 (4) 4 (4) - (-) >10 (>10)

S2 2 
Fe addition gFe/d - (-) - (-) - (-) - (-) - (-)
Circulation m3/d 4 (4) 4 (4) 4 (4) - (-) >10 (>10)

S3 4 Fe addition gFe/d - (-) 8 (1.1) 14 (1.9) 19 (2.6) 19 (2.6)
Circulation m3/d 4 (4) 4 (4) 4 (4) 4 (4) 4 (4)

S4 2 
Fe addition gFe/d - (-) 8 (2.3) 14 (3.8) 14 (3.8) 14 (3.8)
Circulation m3/d 4 (4) 4 (4) 4 (4) - (-) >10 (>10)

S5 5 
Fe addition gFe/d - (-) 8 (0.9) 14 (1.5) 19 (2.1) 19 (2.1)
Circulation m3/d 4 (4) 4 (4) 4 (4) 4 (4) 4 (4)

n 6 7 6 5 3

RESULTS AND DISCUSSION

Outline of treatment performance
Figure 2 shows average values for the amount of water consumption, SS, BOD, DOC, T-N, 
NO3-N, D-Ca, and D-Fe in the effluent during each period, along with the standard deviations. 
According to the calculation using the amount of water consumption in Figure 2 and 
population in Table 1, the average daily amounts of water use per person for S1 to S5 were 
200, 310, 220, 170, and 170 m3/d/person, respectively. Though it was low in S2 due to low 
population, these values were almost equivalent to 200 m3/d/person, which is used as the 
designed wastewater flow for SWTPs in Japan (JECES, 2017). This indicates that the actual 
wastewater flow can be estimated if the population has been obtained. Therefore, the influent 
phosphorus load was calculated using the wastewater flow obtained from the population and a 
general phosphorus concentration of 5 mgP/L (JECES, 2017). The molar ratios of the Fe 
addition to phosphorus loads shown in Table 1 were also calculated from these values and 
used as an index for the phosphorus removal analysis described later.

The values of SS and BOD were generally 10 mg/L or less in every SWTP, with the 
exception of period 5 for S1. During this period, it was thought that the sludge in the tank 
reached an excessive concentration and not all of it could be trapped by filtration using the 



fluidized media. As a result, SS flowed out in the effluent, leading to an increase in SS and 
BOD. In fact, following this investigation period, the accumulated sludge was removed from 
S1 and the additional operation continued for approximately two months. The average values 
of SS and BOD decreased to 4.8 and 6.0, respectively, in this period. 

The fact that T-Ca and D-Ca had almost the same concentration indicated that the majority of 
calcium existed as a soluble form. The values of D-Ca were nearly constant during all periods, 
between 20 and 25 mg/L. In the periods where iron electrolysis was not performed, T-Fe in 
the effluent was 0.2 to 0.3 mg/L. The amount of T-Fe in the effluent exhibited an increase 
through the iron electrolysis. However, the added Fe was thought to be in a particulate state, 
because, the values of D-Fe with iron electrolysis were in the same range without iron 
electrolysis.

Figure 2. Water quality in effluent. 

During period 4, with the circulation set to 0, a decrease in alkalinity, an accumulation of 
NO3-N and an associated increase in T-N were clearly observed. It was implied that 
biological denitrification and the associated alkalinity supply ceased because the nitrified 
wastewater was not circulated to the anoxic tank. As a result, the nitrogen removal 
performance, an important function of the SWTP, was lost. However, neither nitrification 
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inhibition nor a significant pH decrease occurred, because an alkalinity of 40 mg/L or greater 
remained. Actually, the pH values were within a neutral range in every case. As described 
above, when the circulation was changed, the effect thereof on nitrogen removal was 
confirmed. In other periods, the T-N values were close to 10 mg/L or less, which indicated 
that nitrification and denitrification progressed effectively in each period. Changes in T-N
corresponding to changes in electrolysis conditions have not been specifically observed; 
therefore, it was concluded that the iron electrolysis did not obstruct nitrogen removal. 

Phosphorus removal performance
Regarding the T-P values during period 1 and the all the periods of S2, the value of S1 was 
lower than those in other periods, at approximately 2 mgP/L, while that of other periods was 
approximately 4 mgP/L on average. The difference of phosphorus concentration was observed 
among SWTPs. 

The values of both T-P of S2 did not show remarkable variations during any periods because 
S2 was not subjected to electrolysis. The mean effluent PO4-P concentration and the standard 
deviation for each measurement period are shown in Figure 3. A decrease in PO4-P was 
observed, corresponding to the increase in Fe addition by means of electrolysis during periods 
2 to 5, indicating effective phosphorus removal by iron electrolysis. For S1 and S4, it was 
confirmed that the PO4-P values during period 3 were 1 mg/L or less. However, for S3 and S5, 
the PO4-P values in the effluent during the operation in period 3 were 1 to 2 mg/L. 
Accordingly, when S3 and S5 were operated with a further increased Fe addition amount 
during period 4 to 5, it was confirmed that the PO4-P values in the effluent decreased further,
to 1 mg/L or less. Therefore, the conditions affecting phosphorus removal by less than 1 mg/L 
differed among the SWTPs.

The relationships between the effluent PO4-P and Fe/P molar ratio are shown in Figure 4. The 
PO4-P concentration correlated with the Fe/P molar ratio (P<0.001), indicating that efficient 
phosphorus removal could be achieved by adjusting the Fe addition with the iron electrolysis 
against the actual population equivalent in each SWTP. This result was corresponding with 
the previous results in which the addition of iron as a coagulant by Fe/P molar ratio of 2.0 was 
enough to reduce phosphorus concentration below 1.0 mgP/L (Rittmann and McCarty, 2001). 

For S1 and S4, in which iron electrolysis was performed, the circulation ceased during period 
4, and the circulation ratio was set to 10 or higher in period 5. Compared to period 3, with a 
normal circulation ratio, a significant difference in the average PO4-P value was recognized 
only in period 4 for S1 (P<0.01). Average PO4-P in period 4 was lower than that in period 3 
in S1. This indicated that deterioration of phosphorus removal was not observed even if the 
circulation stopped or operated at a very high ratio. The fact that a significant difference was 
found implied that there was a possibility that the highly accumulated iron in the aerobic tank 
by stopping the circulation contributed effectively for phosphorus removal. In contrast, during 
period 5, where the circulation ratio was increased, phosphorus removal did not decrease 
compared to period 3. The large part of added Fe was returned into anoxic tank due to the 
high circulation ratio. These Fe accumulated in the anoxic tank would contribute to the 
prevention of the phosphorus release. For further improve of phosphorus removal, analysis of 
the Fe and phosphorus reaction mechanisms in the aerobic and anoxic tanks will be required. 

It had been reported that phosphorus removal improved when calcium was rich (Li et al., 
2013; Mishima et al. 2017). Mishima et al. (2017) investigated improvement in phosphorus 
removal through iron electrolysis with calcium addition. In some cases where calcium was 
lacking, phosphorus removal performance was poor, and when calcium was added, 
phosphorus removal improved. If the amount of calcium became more than 20 mg/L, an 
improvement was hardly observed. Therefore, Mishima et al, (2017) pointed out that it was



desirable for the calcium amount to be 20 mg/L or more for the efficient phosphorus removal.
In this study, the calcium amount of calcium was approximately 20 - 25 mg/L; therefore, it 
was suggested that phosphorus removal inhibition due to a lack of calcium did not occur 
because enough calcium was in the investigated SWTPs.

Mishima et al. (2017) also reported that the amount of Fe binding to phosphorus decreased 
because the organic matter formed a complex with iron when the DOC in the bulk of the 
wastewater was high, and phosphorus removal consequently deteriorated. In this study, the 
average DOC was 9.2 mg/L during all periods; however, at times the DOC values were high, 
with a maximum of 18 mg/L. It had the possibility that the phosphorus removal performance
was improved further if DOC could be decreased.

The effects of changing PO4-P in the anoxic tank 1, aerobic tank, and effluent in S2 and S4 
are illustrated in Figure 5. The level of PO4-P decreased slightly from the anoxic tank to 
effluent in S2 without iron electrolysis, and was almost constant during period 1 in S4 without
iron electrolysis. PO4-P in the anoxic tank during period 2 in S4 was higher than that during 
period 1 in S1 and during all periods in S2. Moreover, PO4-P in the effluent was higher than 
that in the aerobic tank in S4. These results indicate that the amount of accumulated 
phosphorus in the tank as a result of the effect of iron electrolysis increased, and part of the 
accumulated phosphorus was released in an anaerobic condition at the bottom of the tank.
PO4-P existed in a low concentration from the anoxic tank to effluent during period 3 in S4. 
This result indicated that the Fe addition by iron electrolysis contributed to not only the direct 
production of FePO4 in the aerobic tank, but also the prevention of anaerobic phosphorus 
release from the sludge.

Figure 5. Changing PO4-P of first anoxic tank, aerobic tank, and effluent in S2 (a) and S4 (b). 

Role of iron 
Figure 6 shows the relationships between the Fe content and PO4-P in the filtrate in anoxic 
tank 1 and the aerobic tank, during periods 1 to 4. In this case, the maximum Fe content in the 
aerobic tank was approximately 400 mg/g. The Fe content in the aerobic tank was higher than 
that in anaerobic tank, because iron electrolysis was performed directly in the aerobic tank,

Figure 3. Change of PO4-P. Figure 4. Relationships between Fe/P 
molar ratio and PO4-P.

0
1
2
3
4
5
6
7

S1
S2
S3

S4
S5

Period1 Period2 Period3 Period4 Period5

PO
4-P

 in
 e

ffl
ue

nt
 (m

gP
/L

)

0
1
2
3
4
5
6
7

0 1 2 3 4

S3
S4
S5

PO
4-P

 in
 e

ffl
ue

nt
 (m

gP
/L

)

Fe/P molar ratio (-)

0
1
2
3
4
5
6
7

Period1
Period2
Period3

Anoxic tank Aerobic tank Effluent

PO
4-P

 (m
gP

/L
)

a

0
2
4
6
8

10
12
14
16

Period1
Period2
Period3

Anoxic tank Aerobic tank Effluent

PO
4-P

 (m
gP

/L
)

b



and substances such as organic matter suspended in the influent were accumulated in anoxic 
tank. In particular, the PO4-P in the filtrate was a maximum of 29 mgP/L in the anoxic tank 
(during period 2 of S5), which was much higher than the influent phosphorus concentration. 
The maximum PO4-P in the aerobic tank was 4.8 mgP/L. The PO4-P in the filtrate in both the 
anoxic and aerobic tanks decreased with an increase in Fe content in the sludge samples. It 
was indicated that phosphorus release from the sludge to the bulk phase was prevented by the 
Fe, which was supplied by iron electrolysis and accumulated at the bottom of the SWTPs, 
resulting in stable phosphorus removal.  

Economy of this system 
LIME2 (Itsubo and Inaba, 2010; Itsubo et al., 2012) is a LCA tool that can estimate the 
integrated environmental load as an economic value; this tool had already applied to evaluate 
a wastewater treatment plant (Mishima et al., 2016). Therefore, the economy of phosphorus 
removal by iron electrolysis was evaluated using this tool. The cost of electric power 
consumption for iron electrolysis (14 gFe/d of Fe addition) was estimated according to the 
product of the power consumption due to iron electrolysis and the electric energy charge for 
each unit of power consumption in the case of period 3 in S4. The environmental load 
reduction by T-P removal was estimated by the product of the decrease in T-P discharge load 
and T-P damage factor, and the economic value conversion factor. The decrease in T-P
discharge load was calculated by the product of the difference in T-P concentration between 
the assumed phosphorus concentration in the influent of 5.0 mgP/L (JECES, 2017) and the 
average effluent T-P concentration of 0.7 mgP/L in the case of period 3 in S4, and the planed 
water consumption of 1.0 m3/d. A T-P damage factor of 973.9 Japanese yen/T-Pkg and an 
economic value conversion factor of 1 Japanese yen/Japanese yen were used in accordance 
with LIME2.

A comparison of the calculated results of phosphorus removal costs between electric power 
consumption and environmental load reduction by T-P removal is shown in Table 2. The 
electric power consumption cost was in the same range as that of the environmental load 
reduction by T-P removal, with the latter being 30% higher than the former. Therefore, it was 
demonstrated that the effect of environmental load reduction due to phosphorus removal by 
iron electrolysis was greater than the cost of power consumption for iron electrolysis. 

CONCLUSIONS 
Long-term phosphorus removal from SWTPs was investigated and optimum operational 
conditions for phosphorus removal by the iron electrolysis were analyzed in this study. 
Efficient phosphorus removal can be achieved for a long time by adjusting the amount of iron 
against the actual population equivalent. The change of the circulation ratio had no negative 
effect on overall phosphorus removal. Phosphorus release to the bulk phase was prevented by 

Figure 6. Relationships between Fe content and PO4-P.
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the accumulated iron which was supplied by iron electrolysis, resulting in stable phosphorus 
removal. The effect of environmental load reduction due to phosphorus removal by iron 
electrolysis was greater than the cost of power consumption for iron electrolysis. 
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INTRODUCTION
Phosphorus (P) is an essential nutrient for plant and living organisms. However an excessive 
concentration of P in water bodies can lead to an ecological unbalance manifested by 
eutrophication. This may further deteriorate the water quality. Eutrophication is recognized as 
one of the major threats for small lakes and reservoirs. It has become a serious problem as a 
result of increased urbanization and industrialization. Several techniques were developed for 
the removal of phosphate. Zero valent iron has gained considerable attention for the removal 
of different organic and inorganic compounds. Some research work focused specifically on 
phosphate removal using ZVI. The removal of P using ZVI has been previously investigated 
in batch and column experiments (Sleiman et al. 2016, 2017). 

MATERIAL AND METHODS 
In this study, the effectiveness of ZVI for the removal of phosphate in an upflow ZVI /sand 
1% WFe/WSand packed columns was assessed along with the determination of the maximum 
ZVI phosphate trapping capacity (Figure 1).  

Figure 1. Schematic representation of the column dimensions. 

ZVI and its oxidation products may change over time along with their reactivity. In order to 
assess the evolution of ZVI oxidation products reactivity, phosphate removal was investigated 
in column reactors with different preconditioning durations. Phosphate removal was also 
investigated along the various depths of the columns. To attain this goal, phosphate 
concentration was measured at different sampling ports along the column and the results were 
assessed in relation to the corresponding phosphate amounts trapped inside the column. 
Phosphate retention capacities were confirmed through analyzing total phosphorus and iron in 
the ZVI/sand support collected at the end of the experiment. After column dismantling, a 



sequential extraction was done on the solid samples collected at different levels from the 
column in order to identify the phosphorus and iron forms. Solid samples were also 
characterized using SEM, XRD and XPS in order to understand the mechanism of phosphate 
removal. 

MAIN RESULTS AND CONCLUSIONS 
In order to see the capacity of the support in different layers to remove phosphate, the ratio 
P/Fe was calculated. P/Fe ratios were determined as a function of time at P1, P2 and P3. P 
profile evolved to a homogeneous one at saturation. This evolution of the behavior of 
phosphate trapping inside the column as a function of time can be explained by the DO con- 
centration migration along the column. When the first layers get saturated and/or the ZVI 
surface is protected (no oxidation is taking place) DO cannot be consumed and it may 
migrates to the next layers which become active and efficient to remove phosphate. The 
concentration of dissolved oxygen was found to be a key parameter in the removal of 
phosphate using ZVI/sand columns.  

The preconditioning or aging phenomenon was defined as the period in which the columns 
were pumped with a solution of NaCl 0.01M in closed circuit at 100 rpm. After a defined 
aging time, the columns were then pumped with phosphate solution having a concentration of 
20 mgP/L. After column dismantling, the solids collected were studied for their phosphate and 
iron concentration. Results showed that the mean value of P trapped inside the columns were 
94 and 38 respectively for the fresh and 10d aged column. As a function of time, the surface 
of ZVI may be covered by iron oxides which evolves under aging from amorphous to 
crystalline phases which may explain the lower efficiency for the 10d aged column compared 
to the fresh one. These results pointed out the effect of preconditioning on the behavior of the 
columns for phosphate removal.  

In order to verify the hypothesis, a sequential extraction was done on the fresh and 10d aged 
columns at different sampling points. Results are presented in Figure 2 for Fe and P in the 
different extractable phases. Figure 2a showed that for the fresh and 10d aged columns, the 
amorphous phase showed the highest percentage about 90% of P were extracted in the 
amorphous phase. When comparing the fraction percentages for iron for the fresh and 10d 
aged columns, we found that the percentage of the crystalline phases were higher for the 10d 
aged column than the fresh one.  XRD results showed that the only iron oxidation products 
identified at the different layers inside the columns were lepidocrocite and 
maghemite/magnetite (Wan et al., 2014). XPS results confirmed the sorption of phosphate at 
the surface of ZVI and its oxidation products and highlighted the formation of an iron 
phosphate complex.  
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Abstract: In this study, two and single-stage anaerobic reactors were assessed for
treatment performance and bioenergy production from sucrose-based wastewater (5 gCOD 
L-1), at 30°C. In the two-stage system, a hydrogen-producing UASB reactor (HR) was used
in the acidogenic phase. The methanogenic reactor (MR) of the two-stage system, and the
single-stage methanogenic reactor (SMR) of the single-stage system consisted of structured
fixed-bed reactors filled with polyurethane foam. The two-stage system showed superior
performance, evidenced by less organic acids, chemical organic demand (COD) and
volatile suspended solids (VSS) levels in the effluent, and higher biogas yields. At the end
of operation, the OLR applied to the two- and single-stage systems were 6.4 and 5.2 gCOD
L-1d-1, respectively. Under these conditions, effluent soluble COD levels and effluent VSS
concentrations were, respectively, 165 and 92 mg L-1 in the two-stage system, and 256 and
244 mg L-1 in the single-stage system. The energy yield of the two-stage system was
20,688 kJ g-1CODadded, which was 34% higher than the yield of the single-stage system,
that was 15,485 kJ g-1CODadded.

Keywords: fixed-bed reactor, hydrogen; methane; two-stage anaerobic treatment, UASB, 
suspended solids.

INTRODUCTION
A two-stage anaerobic system consists of two reactors placed in series, wherein acidogenesis 
and methanogenesis should prevail in the first and second reactor, respectively, as a result of 
selective pressure. Despite its several advantages – greater efficiency of removing pollutants, 
reduction of toxic inhibition on methanogens (Ke et al. 2005), higher tolerance to shock loads 
(Cohen et al. 1982), and enrichment of methane content in the biogas (Yeoh, 1997) – about 
only 10% of installed capacity of anaerobic reactors in Europe is through two-stage anaerobic 
digestion (Rapport et al. 2008). As pointed out by these authors, the increasing of commercial 
application of this process is expected to growth as the higher complexity and construction 
costs are overcome by the improvements in the process. In this context, this study evaluated 
some potential advantages of the two-stage over single-stage anaerobic reactors, including 
higher bioenergy production potential through recovery of hydrogen besides methane, and 
improvement of effluent quality due to the lower volatile suspended solids (VSS) 
concentration in final effluent. Two and single-stage anaerobic reactor were run in parallel at 
increasing organic loading rates (OLR). 

MATERIALS AND METHODS 
The reactors were cylindric and made of acrylic. The two-stage system comprised an upflow 
anaerobic sludge blanket (UASB) reactor of 2.2 L working volume and 6.3 cm internal 
diameter, used for acidogenesis, followed by a structured fixed-bed reactor of 3.8 L working 
volume and 7.9 cm internal diameter, used for methanogenesis. The single-stage system 



consisted of a structured fixed-bed reactor of 6.4 L working volume and 9.6 cm internal 
diameter. The medium compartment of the structured-fixed bed reactors was filled with 
polyurethane foam strips at a porosity about 80% (Figure 1). The reactors were named as 
follows: i) HR: hydrogen-producing reactor, used for acidogenesis in the two-stage system, ii) 
MR: methanogenic reactor, used for methanogenesis in the two-stage system, iii) SMR: 
single-stage methanogenic reactor, used in the single-stage system. The reactors were 
inoculated with 15 gVTS L-1 of sludge from slaughterhouse wastewater treatment plants. The 
granules were completely disrupted with a blender before inoculation. 
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Figure 1. Schematic diagram of the two-stage (left) and single-stage (right) systems. 

The HR and SMR were fed with sucrose-based wastewater composed of demerara sugar 
(Native®) and a nutrient’s solution in the following concentrations (mg L-1):  NH4Cl (170), 
CaCl2·2H2O (8), KH2PO4 (37), MgSO4·4H2O (9), FeCl3·4H2O (2), CoCl2·6H2O (2), 
MnCl2·4H2O (0.5), CuCl2·2H2O (0.03), ZnCl2 (0.05), H3BO3 (0.05), (NH4)6Mo7O24·4H2O
(0.09), Na2SeO3·5H2O (0.1), NiCl2·6H2O (0.05), EDTA (1), HCl 36% (1 L L-1); and the 
MR was fed with acidified wastewater from the HR. Demerara sugar concentration in raw 
affluent of the HR was approximately 4.45 g L-1 (4.8 gCOD L-1 on average). The 
methanogenic reactors were fed with diluted wastewater during the acclimation period, which 
lasted for 38 days. From days 0 to 17 (acclimation 1) the feeding was diluted 5-fold, and from 
days 18 to 38 (acclimation 2) the feeding was diluted 3.3-fold.  After acclimation, the MR and 
SMR were fed with acidified effluent without dilution (4.4 gCOD L-1 on average) and raw 
wastewater (4.8 gCOD L-1 on average), respectively. NaHCO3 was added in the feeding of 
the MR and SMR as buffer agent, at concentrations of 1 g L-1 and 1.5 g L-1 during acclimation 
periods 1 and 2, respectively, and 5 g L-1 from days 39 to 73, and 4.16 g L-1 from days 74 to 
178. MR and SMR feeding was also supplemented with yeast extract at concentration of 200
mg L-1, and during acclimation 1 and 2 it was diluted 5- and 3.3-fold, respectively (40 and 61
mg L-1). The temperature was maintained at 30±2 °C.

The operation was divided in two periods of acclimation, when MR and SMR affluent was 
diluted as described above, and seven phases of operation, when the MR and SMR flow rate 
was gradually increased according to their stability responses (Table 1).  



Table 1. Operating conditions
Two-stage system Single-stage system

HR MR HR+MR SMR

Phase Time
(days)

S0 (gCOD 
L-1) HRT(h) S0 (gCOD 

L-1) HRT (h) OLR (gCOD
L-1d-1) 

S0 (gCOD 
L-1) HRT (h) OLR (gCOD

L-1d-1) 

Aclim. 1 0-17 4.5 4.2 0.7 5.4 3.5 0.9 8.7 2.5

Aclim. 2 18-38 4.7 7.7 1.2 8.7 3.1 1.5 14.4 2.5

1 39-58 4.6 4.8 3.9 29.8 3.2 4.6 47.6 2.3

2 59-93 4.8 4.7 3.9 48.5 2.2 4.7 56.5 2.0

3 94-101 4.6 4.4 4.9 36.0 2.7 4.9 40.8 2.9

4 102-129 5.0 4.6 4.7 29.4 3.5 4.9 34.0 3.5

5 130-136 4.8 4.5 5.0 24.5 4.0 5.1 34.0 3.6

6 137-156 4.7 4.4 4.8 20.4 4.6 4.8 34.0 3.4

7 157-178 4.8 4.5 4.4 13.7 6.4 4.9 22.8 5.2

Biogas flow rate was measured using Milligas counter gas meters (Ritter®). The composition, 
in terms of H2, CH4 and CO2, was analysed using Shimadzu GC-2010 gas chromatograph. 
Sucrose (glucose and fructose) and organic acids (lactic, formic, acetic, propionic, isobutyric, 
butyric, isovaleric, valeric) were determined using Shimadzu System UV/DAD (210 nm) high 
performance liquid chromatography (HPLC). 
membrane) and VSS concentration were analysed according to Standard Methods (2005). The 
pH was measured using a pHmeter (Hach equipment). Total volatile acids (TVA) and 
bicarbonate alkalinity were measured by titration using Kapp method, which is considered 
robust and reliable (Mota et al., 2015). 

RESULTS AND DISCUSSION
From Phase 1 to Phase 7, when the operating parameters of the HR were set to 4.6 h HRT and 
25.6 gCOD L-1d-1 OLR, this reactor presented great stability during operation, constant 
production of hydrogen and organic acids. Despite affluent pH was 6.5, effluent pH was 2.7 
on average. The highly acid environment did not harm the H2 production, which was stable 
and in a high range, corresponded to volumetric hydrogen production rate (VHPR) of 175 
mlH2 L-1h-1 and hydrogen yield (HY) of 3.4 mLH2 per mol of sucrose consumed. Sucrose 
was removed by 81%, and most of acidified sucrose was converted to acetate (54.9% molar 
ratio), followed by lactate (25.4% molar ratio). Minor amounts were found of (molar ratio): 
butyrate (7.7%), propionate (7.7%), valerate (2.8%) and formate (1.4%). 

Effluent pH values of MR and SMR were, respectively, 7.1 and 7.0, on average. Figure 2 
shows the organic acid concentrations in MR and SMR. During Acclimation 1, SMR effluent 
showed lower concentrations of organic acids and higher concentrations of bicarbonate 
alkalinity (BA) than MR effluent. This is probably due to the lower OLR applied to the SMR 
compared to the OLR applied to HR+MR system (Table 1). The increased organic 
concentration in the feeding during Acclimation 2 caused organic acid concentration increase, 
especially in SMR, though the OLR did not change significantly. After acclimation, MR an 
SMR started to be fed with undiluted wastewater at the same OLR of the previous period; and
an even greater increase in organic acid concentrations was observed during Phase 1, resulting 
in accumulation of acetate, propionate, butyrate and valerate. As organic acid levels were 
above 1000 mg L-1, which is the inhibitory threshold for the methanogenic archea (Foresti



2002), in Phase 2 the OLR was reduced by increasing the HRT. This procedure was sufficient 
to recover the systems. From this stage, in which the flow rates were adjusted to keep OLR
equally in two- and single-stage systems (Table 1), the MR started to show a better 
performance, as can be observed by its lower organic acid concentrations.

Figure 2. Total volatile acids (TVA) and acid species concentrations (mg L-1) in the MR and 
SMR during the beginning of operation (a) and after reaching a pseudo-steady state (b)

The OLR increase in Phases 3 and 4 did not impact on reactors’ performance, revealing that 
the high concentrations of organic acid observed previously resulted from possible shock 
loading during the start-up and kinetic limitations. It is noteworthy that organic acid 
concentrations dropped substantially from Phase 3, achieving TVA concentrations lower than 
400 mgHAc L-1. In Phase7, OLR in MR and SMR were increased by approximately 50%, 
wherein HR+MR system and the MR solely operated at 6.4 and 7.8 gCOD L-1d-1 OLR, 
respectively, and SMR operated at 5.2 gCOD L-1d-1 OLR. However, the impacts on treatment 
performance were mild, suggesting that methanogenic community was established in the 
reactors. Lactate, formate and (iso)valerate were no more detected, and (iso)butyrate was 
detected only in the SMR at very low concentrations (<11 mg L-1). Especially in the SMR,
acetate and propionate were detected in higher levels. Acetate accumulation suggests kinetic 
limitations of acetoclastic methanogenic archaea. Propionate degradation, in turn, can be 
hampered by relatively low concentrations of dissolved hydrogen and acetate, and hydrogen 
interspecies transfer limitations (Kim et al. 2002). It was demonstrated that during the stable
periods (Phases 3 to 7), acid concentrations in MR effluent were below of those found in 
SMR effluent, even in the periods when the OLR applied in the two-stage system were the 
highest (Phases 5 to 7). These results suggest that the separation of anaerobic digestion phases 
reduced the problems related to kinetic, thermodynamic and mass transfer limitations, under 
the tested conditions.  

Effluent soluble COD levels during the whole operation period showed the same pattern
observed for organic acid concentrations (Figure 3). During start-up, affluent dilution was not 
sufficient to achieve satisfactory performance and effluent COD levels were quite high: mean 
of 484 mg L-1 in MR and of 184 mg L-1 in SMR. The reduction in dilution rate from 5- to 3.3-
fold during the period of Acclimation 2 resulted in even lower COD removal, and soluble 
effluent COD levels increased twice in MR (mean of 1028 mg L-1), and nine-fold in SMR 
(mean of 1200 mg L-1), except from day 25 to day 27, when MR and SMR were fed with only 
water and nutrients, to avoid acid accumulation.  



Figure 3. Soluble COD levels in MR and SMR’s effluents 

The progressive OLR increase in MR by approximately 20% at each operational phase till
Phase 6 did not affected its performance. The soluble and total COD removal in the two-stage
system increased from 85.8% and 76.1%, during Phase 2, to 98.1% and 96.0%, during Phase 
6, respectively. In these periods, soluble and total COD removal in the single-stage system
were, respectively, 79.8% and 77.8% (Phase 2), and 96.8% and 89.9% (Phase 6). The higher 
OLR increase in Phase 7 caused a slightly reduction in COD removal; total COD removal in 
two-stage system decreased from 96.0% to 93.4%, and in the SMR from 89.9% to 86.6%.  

The higher total COD levels in effluent from the single-stage system resulted not only from 
soluble COD, but especially from particulate COD, i.e. total COD minus soluble COD, which 
was also verified by its high effluent VSS concentrations (Figure 4).  

Figure 4. Volatile suspended solids in MR and SMR’s effluents 

The increased effluent VSS concentrations in the SMR (223±119 mg L-1) are likely to be 
attributed to fast growth rates of acidogenic bacteria and extracellular polymeric substances 
(EPS) release, which are partially adhered to the microbial flocs. On the other hand, effluent 
VSS concentrations in the MR were much lower (80±36 mg L-1), despite the high VSS 



concentrations in its affluent, i.e. HR effluent (257±167 mg L-1). It is believed that acidogenic 
bacteria from the HR partially undergo decay when they entered into MR, as a result of the 
low availability of non-acidified substrate, culminating in the stabilization of those bacteria as 
well as of the EPS and soluble microbial products (SMP) released by them. In contrast, in the 
SMR, since there was a constant inflow of non-acidified substrate, the acidogenic bacteria 
were continuously growing and releasing SMP and EPS, resulting in higher concentrations of 
COD and VSS in the effluent.

The suppression of methanogenesis in the HR was successfully achieved; no CH4 was 
detected in HR’ biogas, which was H2-rich (60%) (Figure 5). Biogas from the MR and the 
SMR was composed of CH4, CO2, and, during the instability periods, traces of H2 (Figure 5). 
It is notable that from Phase 2, CH4 content in biogas of the MR kept much higher than that 
of the SMR, suggesting a higher calorific potential of the MR biogas. These results 
corroborate with other studies that compared two-stage to single-stage anaerobic digestion, 
wherein increased CH4 content was found in the methanogenic reactor fed with acidified 
wastewater (Ghosh et al., 1985; Yeoh, 1997; Ghosh et al., 2000). It is assumed that the 
occurrence of acidogenesis in a previous stage, in the HR, resulted in lower CO2 production 
by fermentative activity in the MR, resulting in higher CH4 content in its biogas. 

Figure 5. Composition of biogas from HR, MR and SMR 

For energy production potential evaluation in the two-stage system and single-stage system, it 
was analysed data from Phase 4, where the same OLR of 3.5 gCOD L-1d-1 was applied in both 
systems, and data from Phase 7, when the systems operated at their maximum OLR, 
corresponded to 6.4 gCOD L-1d-1 in the two-stage system and 5.2 gCOD L-1d-1 in the SMR. In 
an attempt to normalize the input parameters, it was considered the added COD; and to 
display the results in units of energy, it was considered a calorific potential of 142 kJ per g of 
H2 and 50 kJ per g of CH4 (Nasr et al., 2012). Under the conditions evaluated, the 
replacement of a single system by a two-stage system can result in energy yield increase 
around 25% (Phase 4) and 34% (Phase 7). Even if it is not consiedered the H2 recovery 
potential, the energy yield from the two-stage system was 7.7% and 20.7% higher in Phases 4 
and 7, respectively, in relation to the single-stage system (Table 2). Similar results were 
obtained in the study by Luo et al. (2011), wherein the yield of the single-stage system was 
11.8 kJ per g of VS added and in the two-stage system it was 13.1 kJ per g of VS added (12.4 
kJ from CH4 and 0.7 kJ from H2).



Although the relatively low energy yield from H2 production, that was from 10.3 to 14.3% of 
the total energy, a possible use of the H2 is as combustion catalyst, rather than as an energy 
carrier. For this purpose, the biogas from acidogenic reactor can be mixed to the biogas from 
the methanogenic reactor, producing a mixture of CH4, CO2 and H2. This mixture, sometimes 
called as bio-hythane, may offer advantages over conventional biogas (consisted of only CH4
and CO2), such as improved combustion properties and reduced CO2 and NOX emissions 
(Ghoniem 2011, Cavinato et al. 2012). 

Table 2. Energy yields
Variable Phase 4 Phase 7

OLR (gCOD L-1d-1) HR = 25.8, MR = 3.9, HR+MR = 3.5, 
SMR = 3.5

HR = 26.0, MR = 7.8, HR+MR = 6.4, 
SMR = 5.2

Energy yield HR+MR SMR HR+MR SMR

kjH2 kg-1CODadded 2288.7 32.0 2138.8 122.7

kjCH4 kg-1CODadded 13729.5 12750.4 18549.6 15362.6

kjH2+CH4 kg-1CODadded 16018.2 12782.3 20688.4 15485.4

H2/Total energy yield 14.3% 0.3% 10.3% 0.8%

CH4/ Total energy yield 85.7% 99.7% 89.7% 99.2%

CONCLUSIONS
It was noteworthy that organic acids, soluble and total COD levels in the final effluent from 
the two-stage system remained lower than that from single-stage system, when the systems 
were operated under equal OLR and even when the two-stage system was operated under 
higher OLR. It is suggested that the separation of the stages led to lower growth of suspended 
acidogenic biomass and release of EPS in the methanogenic reactor, as evidenced by its
substantially reduced VSS concentration. In the end of operation, effluent total COD was 317 
mg L-1 in the two-stage system, and 666 mg L-1 in the single-stage system. The two-stage 
system also demonstrated a higher potential for bioenergy production. Biogas from the two-
stage methanogenic reactor presented 70% methane, in contrast to biogas from the single-
stage system that presented 52% methane. In addition, increased energy yields up to 34%, 
through methane and hydrogen production, were achieved in the two-stage system. These 
results demonstrate that the two-stage anaerobic treatment, when properly designed, can result 
in lower required reactor volumes, significantly better effluent quality, and higher energy 
potential recovery from wastewater.
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Abstract 

In this work, an experimental study of the hydrodynamic behaviour of a pilot-scale fixed bed 
up-flow anaerobic digestion process for the treatment of tequila vinasses, is carried out. This 
study takes into account the physicochemical phenomena concerning alkalinity. The 
experimental results confirm the existence of the theoretical expected spatial distribution for 
the VFAs, pH, alkalinity and bicarbonate along the axial reactor axis. 

Keywords: Hydrodynamic; Up-flow fixed bed anaerobic digester; alkalinity; Tequila 
vinasses; Spatial distribution  

Introduction 

It is well known that pH control lonely, or Volatile Fatty Acids (VFA) control lonely are not 
enough for guaranteeing operational stability in anaerobic digestion (AD) processes. Actually, 
alkalinity control is needed (Alcaraz-Gonzalez et al. 2013; Steyer et al. 2002; Ripley et al. 
1986). However, most of hydrodynamic studies in AD do not take into account the 
physicochemical phenomena concerning alkalinity, whose main components are bicarbonate 
and VFA. In the case of wastewaters with high buffering capacity, pH measurements may be 
rather not enough to indicate process changes and therefore they are not adapted for process 
supervision and control. Hence, monitoring and control of alkalinity becomes even more 
important than pH or VFA only. In this work, we present an experimental study of the 
hydrodynamic behavior species involved on alkalinities in an up-flow AD granular sludge 
fixed bed reactor for the treatment of tequila vinasses. Measurements of VFAs, pH, alkalinity 
and bicarbonate were obtained at three sampling points in the reactor. 
 
Materials and methods 

The wastewater treated was raw tequila vinasses obtained from a tequila factory located at 
Guadalajara-Jalisco, Mexico. Experimental run was carried out in an AD up-flow fixed bed 
reactor of 445 L total volume. To monitor the substrate spatial distribution in the reactor, 
sampling devices were installed at three locations within the reactor. The three sampling 
devices were installed at heights of 25, 50.0, and 75.0 cm from the basis of the reactor 
corresponding to the bottom, the middle and the top.  

Results and discussions 
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Figure 1. Dynamical behavior and spatial distribution into the up-flow fixed bed bioreactor: a) VFAs 
(mg/L), b) pH (dimensionless), c) Partial Alkalinity (PA) (mEq/L) and bicarbonate (mEq/L), d) Total 
Alkalinity (TA) (mEq/L), e) alkalinity factor (dimensionless). 
 
In this experiment, alkalinity actors are axially distributed in an up-flow fixed bed reactor. 
Figs.1a-e show experimentally the spatial distribution of alkalinity, bicarbonate, pH and total 
VFAs along the reactor height. Fig.1a shows that the distribution of total VFAs along the 
reactor height is experimentally observed, the gradient of VFAs decreased from the bottom to 
the top. Fig.1.b shows also the distribution of pH along the reactor height. The gradient of pH 
increases from position 1 to position 3 and the profile was observed from the bottom to the 
top. Moreover, for the bicarbonate and partial alkalinity (PA) we observed an increasing of 
gradient from position 1 to position 3. During the last week, measurements of bicarbonate and 
PA were very close (Zaher, 2002), and we observed a significant decrease of bicarbonate 
measurements, which was influenced by the decrease of VFAs in the same period. The 
combined effect of the decrease in these two variables; VFAs and bicarbonate was not only 
the decrease of total alkalinity (TA) itself but also a relative loss on the spatial distribution 
degree. In fact, during the last week TA was around 40 mEq/L, and its spatial distribution was 
effectively reduced. The alkalinity factor α (IA/TA) with IA as the intermediate alkalinity, 
was maintaining around 0.3. In the last week α inside the reactor was around 0.28 which 
indicates a good operational stability of the process. We observed also gradients of alkalinity 
factor along the reactor height. 
  
Conclusion 
In this work, an experimental study has been carried out in order to asses the hydrodynamic 
behaviour in terms of spatial distribution in a fixed bed bioreactor of species involved in 
alkalinity. pH and VFA control are not enough for guaranteeing stability. Actually, alkalinity 
control is needed. TA was spatially distributed influencing the behavior of substrate inside the 
reactor. 
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Abstract: Two phototrophic bioreactors were investigated as an alternative to post-treat 
effluent from an UASB reactor treating domestic sewage, aiming at sulphide oxidation to 
elemental sulphur and complementary organic matter removal. The bioreactors were 
operated at different hydraulic retention times and presence or absence (control) of packing 
material for biomass retention. Greater sulphide removal efficiencies were achieved in both 
reactors for HRT of 6 h, 75% and 92% for the control reactor and packed reactor, 
respectively. Higher organic matter (COD) and solids (TSS) removal were observed in the 
packed reactor, able to produce a final effluent with low COD and TSS concentrations (100 
mgCOD.L-1 and 30 mgTSS.L-1). Denaturing gradient gel electrophoresis results revealed 
that purple and green biomass developed in both reactors and comprised a diverse bacterial 
community with sequences related to phototrophic sulphur bacteria such as Thiocapsa and 
Chlorobaculum. Elemental Sulphur formation was detected and the potential for Sulphur 
recovery was observed. The phototrophic bioreactors were able to improve the quality of 
the anaerobic effluent and higher efficiencies related to the packed reactor were attributed 
to the presence of the packing material and higher cell retention time. 

Keywords: post-treatment, phototrophic bioreactors, sulphide oxidation, UASB reactor.

INTRODUCTION 
UASB reactors have been widely adopted for sewage treatment in many warm climate 
countries. Despite several advantages attributed to the system, some limitations still remain 
such as mal-odour emission and the need of a post-treatment unit for additional organic matter
and nutrient removal (i.e. nitrogen, phosphorous and sulphur), in order to reduce the discharge
impact of effluents on receiving waters (Chernicharo et al. 2015). Odour emission in
anaerobic-based sewage treatment plants is mainly related to the release of dissolved sulphide 
present in the bulk liquid, especially in the outlet structures where turbulent conditions prevail 
(Souza et al. 2012). Along with its characteristic offensive odour, H2S has several negative 
effects such as toxicity, corrosivity and flammability (USEPA 2010).

Strategies for sulphide control involve either inhibition of H2S production or elimination of 
the produced gas (Garcia de Lomas et al. 2005). Sulphide oxidation may occur by biological 
or chemical pathways, however, biological process has major advantages such as low cost and 
high efficiency, achieving less than 1 mg.L-1 of sulphide concentration in the effluent 
(Henshaw et al. 1999). Biological sulphide oxidation in liquid or gas streams may occour 
through the activity of phototrophic or chemolithotrophic bacteria, under aerobic, anoxic or 
anaerobic conditions. Sulphide-oxidizing bacteria are grouped according to the used sulphur 
compound, colour and environmental conditions. Aerobic sulphide oxidation is performed by 
colorless sulphur bacteria while anaerobic oxidation occurs by means of anoxygenic 
photosynthesis, performed by green and purple bacteria that use light as energy source in 
anoxic environments (Madigan 2010). Although advantages of biological process have been 
reported, the scale up of phototrophic reactors is not straight forward due to the requirement 
of transparent material to allow light entrance (Janssen et al. 1999).



Previous studies have investigated the biological oxidation of sulphide to elemental sulphur 
(Vannini et al. 2008; Fajardo et al. 2012; Liu et al. 2015), however, information regarding the 
removal of dissolved sulphide using real anaerobic effluent and bacteria naturally present in it
are scarce. In this study, two phototrophic bioreactors were investigated as an alternative to 
post-treat effluent from an UASB reactor treating domestic sewage, aiming at sulphide 
oxidation to elemental sulphur and complementary organic matter removal Partial sulphide 
oxidation to elemental sulphur is of particular interest due the possibility of elemental sulphur 
recovery. The phototrophic bioreactors were designed with a shape similar to the settler 
compartment of a UASB reactor and operated under conditions comparable to real scale.
Therefore, results obtained in this work may be used to optimize reactor operational
conditions, in order to favour elemental sulphur formation and to improve the overall
performance of the phototrophic bioreactors.

MATERIALS AND METHODS 

Experimental set-up 
The experiments were performed in a system comprised by a pilot-scale UASB reactor built 
in fibreglass (340 L) followed by two Plexiglas bioreactors (30 L) operating in parallel, 
designed to oxidise dissolved sulphide present in the UASB reactor effluent. The phototrophic 
reactors were designed to be fed from the bottom (upflow mode), with a configuration similar 
to the settler compartment of UASB reactors: cone-shaped bottom (h=20cm) and cylindrical 
chamber (h=30cm), as shown in Figure 1 (a). The Plexiglas reactors were identical, except for 
the absence (R1-control) or presence (R2-packed) of packing material (Figure 1-b).

R1 R2R1 effluent R2 effluent

35 cm

30 cm
20 cm

UASB reactor
effluent

Sun
light

Peristaltic pump

Figure 1. Schematic representation and dimensions of the (a) bioreactors and (b) packing material.

The set-up was installed at the Centre for Research and Training in Sanitation 
UFMG/COPASA, located at the Arrudas WWTP, the main treatment plant of Belo Horizonte
city, Brazil (coordinates 19°53′42″ S and 43°52′42″ W, altitude 800 m). The pilot-scale 
UASB reactor was fed with an aliquot of the raw sewage that feeds the full-scale plant, after 
being submitted to preliminary treatment for solids and grit removal. The main characteristics 
of the typical urban wastewater were: pH = 7.5; COD = 516 mg.L-1; S2- = 0.5 mg.L-1; SO4

2- =
32 mg.L-1.

The bioreactors were monitored over 7 months under distinct operational conditions, 
according to the following hydraulic retention time (HRT): 6 h, 4 h and 2 h. Throughout the
monitoring period, redox potential and pH inside the reactors ranged between -68 mV and -
110 mV (Standard hydrogen electrode) and 6.8 - 7.1, respectively. At the end of each phase, 

(b)(a)
H

 =
 3

5 
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Ø = 45 cm



the rectors were emptied and the packing material replaced. R2-packed was equipped with a 
perforated stainless-steel basket, in order to retain the polypropylene rings (Ø 45 mm, h= 35 
mm, 86 m²/m³ specific surface – Bio Project, Brazil), used as packing material (Figure 1-b).
The adoption of packing material intended to provide higher retention of microorganisms 
naturally present in the UASB reactor effluent once the phototrophic reactors were not 
inoculated.

Physicochemical analysis 
Sulphate (SO4

2-), total suspended solids (TSS) and chemical oxygen demand (COD) were 
measured according to the standard methods (APHA, 2012). Sulphide was measured 
according to Plas et al. (1992) and elemental sulphur (S0) by high performance liquid 
chromatography (HPLC) using a PRP-1 reverse phase HPLC column (dimensions: 15 cmL × 
4.1 mmID), as described by Henshaw et al. (1998). Analyses were performed twice a week
except for TSS and S0, which were analyzed once a week.

Analysis of the microbial community 
At the end of each phase, samples were collected from the microbial layer (attached and non-
attached biomass) and sludge (bottom of the reactors) aiming to allow the comparison of 
bacterial diversity for all tested HRT. Cells were taken from several polypropylene rings
located at different heights to provide a representative sample. Samples were centrifuged three 
times (4000 rpm for 10 minutes) and washed with phosphate buffer saline solution (1x PBS, 
NaCl, Na2HPO4, NaH2PO4, pH = 7.2-7.4). The supernatant was discharged and the pellets
were stored at -20°C. DNA was extracted using PowerSoil DNA Isolation Kit (MO BIO 
Laboratories, E.U.A.). Polymerase chain reaction and denaturing gradient gel electrophoresis 
(PCR-DGGE) was performed using the primer set 1055F and 1392R with a GC clamp 
according to Ferris et al. (1996). DGGE was performed at 60°C in 0.5×TAE buffer at 80 V
for 16,5h using a DCode system (Bio-Rad Universal Mutation Detection, (Hercules, CA, 
USA) comprising 8% polyacrylamide gel with a 50–65% gradient of urea formamide 
denaturant. Gels were stained with SYBR Gold solution (Life Technologies) and visualized 
under UV transillumination. Specific gel bands were excised, re-amplified, purified, and
sequenced using a genomic service (Macrogen Inc., Seoul, Korea). Sequences were compared 
with that from Ribossomal Database Project (https://rdp.cme.msu.edu/classifier/classifier.jsp) 
and National Center for Biotechnology Information (NCBI) database. DGGE patterns were 
analysed using BioNumerics software 6.6 and the Shannon Index (Gafan et al. 2005) was 
employed to assess bacterial biodiversity in biomass and sludge under the tested conditions.

RESULTS AND DISCUSSION 

Biological sulphide oxidation 
Dissolved sulphide and elemental sulphur concentrations in the effluent of the UASB reactor
and phototrophic bioreactors are shown in Figure 2. Dissolved sulphide values observed in the
UASB reactor effluent, 5 - 11 mgS2-.L-1, were similar to those obtained by Souza et al. 
(2012), 7 - 11 mgS2-.L-1, and higher than those observed by Garcia et al., (2017), 2 - 3 mgS2-

.L-1. These studies investigated anaerobic reactors treating domestic wastewater from the 
same contribution region.

Sulphide median concentration in the UASB reactor effluent was higher for the operational 
period at 2h HRT, 11,3 mgS2-.L-1, as compared to the previous phases, HRT of 6 and 4 h (5.4 
and 6.6 mgS2-.L-1). Due to this huge variation between phases, removal efficiencies instead of 
absolute concentrations values were used to compare the results. Higher sulphide removal 



efficiencies were observed for both bioreactors for HRT of 6h, 75% for R1-control and 92% 
R2-packed. Garcia et al. (2017) reported sulphide removal efficiencies between 50 - 60%, for
the same HRT. This lower efficiency could be related to median sulphide concentration in the 
UASB reactor effluent, 2 mgS2-.L-1, 63% lower than the one determined in this study, 5.4 
mgS2-.L-1. Sulphide effluent concentrations of the phototrophic bioreactors were 1.2, 2.0 and
4.9 mgS2-.L-1 for R1-control, and 0.5, 3.1 and 3.4 mgS2-.L-1, for HRT of 6, 4 and 2 h, 
respectively.
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Figure 2. (I) Dissolved sulphide and (II) Elemental sulphur concentrations in the effluent of the UASB reactor 
and phototrophic bioreactors. R1-control, R2-packed with polypropylene rings.

Among the studied conditions, higher sulphate concentrations were observed in R1-control 
effluent, pointing that the absence of packing material favoured sulphide oxidation to 
sulphate, with median concentrations of 40.2, 27.0 and 28.1 mgSO4

2-.L-1 for 6, 4 and 2h of 
HRT, respectively. Although R2-packed effluent showed higher sulphide oxidation under 6 
and 2 h HRT conditions, the same did not occur regarding sulphate formation, with median 
concentrations of 28.0 and 24.1 mgSO4

2-.L-1, possibly due the greater formation of elemental 
sulphur provided by the use of packing material.

Since biologically produced elemental sulphur has a white or yellow-pale colour (Janssen et 
al. 1999), the formation of this compound was observed from the white precipitate present in 
the effluent of the phototrophic reactors and confirmed by high performance liquid 
chromatography. The white precipitate observed in the R2-packed effluent corresponding to 
extracellular sulphur is presented in Figure 3 (I-II), whereas intracellular stored sulphur is 
presented in Figure 3-III.

Regarding elemental sulphur formation, higher concentrations were observed in R2-packed
effluent for all tested HRT, even when higher sulphide removal efficiency was associated to 
R1-control (see Figure 2-II). Elemental sulphur concentrations in the R1-control effluent were 
2.0, 3.6 and 5.6 mgS0.L-1, while higher concentrations were observed in the R2-packed 
effluent, 3.8, 3.6 and 7.3 mgS0.L-1, for HRT of 6, 4 and 2h, respectively. The greatest sulphur 
formation was related to R2-packed, suggesting that the presence of polypropylene rings 
provided longer cellular retention time and favoured elemental sulphur formation.

It is possible to observe, from Figure 2-II, that elemental sulphur was produced in the UASB 
reactor, probably in the settling compartment. Green and purple colours were observed in the 
phototrophic reactors possibly due the existence of naturally occurring sulphur bacteria in the 
UASB reactor effluent. Therefore, considering sun light penetration into the upper part of the 
reactor (uncovered settling compartment) it is possible to assume that the elemental sulphur in
the UASB reactor effluent is related to sulphur bacteria activity, located in the reactor scum 



layer, naturally formed and maintained on the surface of the settler compartment of the UASB 
reactor.

I IIIII

Figure 3. (I) Settling test of R2-packed effluent (HRT = 6h) after 30 minutes, with white solids at the bottom of 
the Imhoff cone; (II) white precipitate present in the R2-packed effluent; (III) microscopic image of purple 
bacteria in R2-packed biomass (HRT = 4h), emphasizing intracellular elemental sulphur. 

Overall performance of the system 
The overall performance of the system for the parameters COD and TSS is depicted in Figure
4. Regarding COD, higher median removal efficiency was observed for R2-packed, about
40% for HRT of 6 and 4h, as compared to around 28% observed for R1-control for HRT of 4
h. R1-control median effluent COD concentrations were 113.2, 122.3 and 120.7 mgCOD.L-1,
whereas lower concentrations were observed for R2-packed, 91.5, 96.0 and 104.4 mgCOD.L-

1, for HRT of 6, 4 and 2h, respectively.
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Figure 4. Concentrations of (I) COD and (II) TSS in UASB and phototrophic reactors effluent at different 
operational conditions (TDH = 6, 4 and 2 h).

Considering TSS, lower concentrations were observed in the R2-packed effluent for HRT of 
6h and 4h, 22.8 and 26.4 mgTSS.L-1, while 40.5 and 44.7 mgSST.L-1 were observed in the 
R1-control effluent. For the lower HRT (2h), the TSS concentration was around 29 mgSST.L-

1 for both bioreactors, indicating that the higher flowrate induced the loss of biomass attached 
to the polypropylene rings. For this operational condition the presence of packing material did
not contribute to increase the solids retention capacity of R2-packed.

Higher COD removal efficiencies and TSS retention were observed in the R2-packed, which 
was able to produce a final effluent with low COD and TSS concentrations, close to 100 
mgCOD.L-1 and 30 mgTSS.L-1, therefore able to comply with restrictive discharge standards. 



Effect of packing material on microbial diversity 
Bacterial community diversity of biomass and sludge was evaluated at the end of each phase 
by PCR-DGGE technique. The comparison of DGGE profiles was performed by the 
dendrogram showed in Figure 5, which reports the similarity between the profiles. DNA
extraction of biomass was not successful and for this reason it was not included in the 
following stages. DGGE results revealed that bacterial community was diversified in the 
bioreactors, between, different operational conditions, and three major and distinct clusters 
were identified according to the tested HRT (showing 57-71% similarity). Except for HRT of 
6h, with 74,3% of similarity between biomass, the profiles of microbial diversity observed for 
the others HRT were different.

The lowest similarity of biomass was observed for HRT of 2 h, 46%. Regarding sludge 
bacterial composition, R1-control and R2-packed showed lower similarities for 6 and 4 h 
HRT, 57 and 65%, respectively. The highest similarity observed in the dendrogram were
related to sludge samples under 2h HRT conditions. The difference between the profiles of the 
reactors suggests that the presence of the packing material in R2-packed and absence in R1-
control affected both sludge and biomass bacterial community. Sludge and biomass of R1-
control presented similarity between 52- 71%, while the samples of R2-packed showed lower 
similarity, 46-57%. Among the values observed for sludge and biomass, lowest similarity was 
observed to R2-packed (46%) for HRT of 2h, indicating that the presence of the packing 
material favoured distinct bacterial compositions between sludge and biomass.
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Figure 5. Dendrogram based on the DGGE profiles of the bacterial community in biomass and sludge samples 
collected at different operational conditions (HRT = 6, 4 and 2h).

The similarity in the dendrogram was confirmed by the Shannon diversity index, used to 
estimate bacterial diversity of biomass (attached and non-attached) and sludge (bottom of the 
reactors) samples ranged from 1.05 to 1.29, indicating that the decrease of HRT did not 
expressively affect the microbial diversity. Concerning the sludge index, higher values were 
observed, 1.18-1.29, when compared to biomass index, 1.05-1.20. Although similar, it is
possible to note that both biomass and sludge presented higher diversity for HRT of 6h, 
except for sludge under 4h HRT condition.

Microbial community in the phototrophic reactors determined by sequencing  
Sequences similar to several bacteria genera were identified by sequencing the strongest 
bands in the DGGE gel. DNA sequences similar to Anaerolineaceae (likely Anaerolinea
genus) were identified in the sludge of R2-packed (6h and 2h HRT) and R1-control (4h). This 
genus consists of fermentative hydrolytic bacteria, possible associated to the degradation of 
organic matter present in the UASB reactor effluent (Hug et al., 2013).



Sequences related to Rhodopseudomonas and Rhodocyclus, purple non-sulphur bacteria, were
identified in the biomass of R1-control (6h HRT) and R2-packed (2h HRT) and in the sludge 
of R1-control (4h HRT). Rhodopseudomonas palustris, a phototrophic bacteria with versatile 
metabolism and capable of organic matter degradation (Madigan, 2010), was identified in the 
biomass of R2-packed (2h HRT). DNA sequences similar to Spirulina genus, a strong band 
present in all the samples from both reactors, is related to filamentous cyanobacteria. 
Phototrophic sulphur bacteria and cyanobacteria may coexist, due to sulphur bacteria oxygen 
tolerance (Stal 1995).

Sequences similar to sulphur bacteria, Thiocapsa, Chlorobaculum, Sulfurimonas and
Sulfuricella, were identified in sludge and biomass of R1-control (6h HRT). Purple Sulphur 
bacteria from Thiocapsa genus perform anoxygenic photosynthesis, using H2S as an electron 
donor to produce intracellular elemental sulphur. Purple bacteria and intracellular sulphur 
were observed (Figure 3-III), corroborating that sulphur bacteria occurred at different HRT. 
Chlorobaculum sequences, which is a green sulphur bacteria, were identified in the biomass 
of R1-control for HRT of 4h. The main advantage attributed to green bacteria is related to 
extracellular elemental sulphur formation (Madigan, 2010). Although Chlorobaculum genus 
was identified specifically in one band from R1-control, the occurrence of extracellular 
elemental sulphur in the phototrophic reactors effluent was verified throughout monitoring.

Even though the sequencing of all DGGE bands was not accomplished, the presence of 
phototrophic sulphur bacteria was verified in most of the DGGE profiles (bands in similar 
position were sequenced); thus suggesting that phototrophic sulphur bacteria occurred in all
operational conditions.

CONCLUSIONS 
The results demonstrated that the phototrophic bioreactors were able to improve the quality of 
the effluent from the UASB reactor, regarding suspended solids removal/retention, COD 
removal, biological sulphide oxidation. The higher efficiencies related to R2-packed are likely 
due to the presence of the packing material and higher cell retention time. Higher sulphide 
removal efficiencies were obtained for the HRT of 6 h (R1-control: 78% and R2-packed: 
92%) although higher elemental sulphur production was obtained for the lowest HRT (2 h), 
with median effluent concentrations of 5.5 and 7.3 mgS0.L-1, respectively for R1-control and 
R2-packed. Higher COD removal efficiencies and TSS retention were observed in the R2-
packed reactor, which was able to produce a final effluent with low COD and TSS 
concentrations, (100 mgCOD.L-1 and 30 mgTSS.L-1), therefore able to comply with restrictive 
discharge standards. Microbial diversity in the phototrophic reactors was diverse and similar.
Sulphur bacteria were detected and identified, demonstrating the occurrence of biological
sulphide oxidation in the reactors. Elemental Sulphur formation and the potential for Sulphur 
recovery were observed.
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Introduction 

Production of liquid biofuels such as bioalcohols from agricultural residues is nowadays 
attracting worldwide interest due to the increasing demand for renewable energy sources. However, 
biorefineries must deal with the challenge of treating efficiently their effluents, which are rich in 
simple sugars, lignin, traces of bioalcohols, ashes, among others (Kaparaju et al., 2009). Anaerobic 
digestion (AD) might become the reference technology for the treatment of biorefinery effluents 
owing to its relatively simple design and low capital/operating costs (Kaparaju et al., 2009). An 
additional motivation to treat biorefinery effluents by means of AD is the potential generation of 
CH4, another renewable energy source (Ryan et al. 2009). The operating temperature has a strong 
influence on key physicochemical parameters and microbiological processes in the AD technology. 
In fact, under thermophilic conditions (~55°C) the pumping and mixing performance in the digester 
is more efficient, enhancing the CH4 production (Alqaralleh et al., 2016). Enhanced microbial 
growth rates and lower retention times are additional advantages of thermophilic operation. The 
aim of this work was to evaluate the acclimation of a mesophilic granular sludge (GS) to 
thermophilic conditions. The evaluation was based on the CH4 production performance under 
thermophilic conditions using wine vinasses and an effluent from hydrogenogenic UASB reactor 
as substrates, which are similar to biorefinery effluents. Biomethane potential tests (BMPs) were 
carried out with granular sludge (GS) as inoculum and with a thermophilic digestate (which served 
as a reference inoculum already adapted to thermophilic conditions) to evaluate the methane yield. 
Aditionally, BMPs were carried out with GS at mesophilic conditions to evaluate the effect of 
temperature in methane production. 

Materials and Methods 

The BMP tests were performed in 1-L glass bottles according to Angelidaki et al. (2009). The 
GS, obtained from a brewery (Guadalajara, México), was acclimated for 2 days to 55°C prior the 
beginning of the BMP tests using glucose as substrate. The thermophilic digestate was obtained 
from an anaerobic digester (Querétaro, México). Wine vinasse was allowed to settle for at least 1 
hour yielding the sediment fraction used as sustrate. BMPs were performed with this fraction and 
the reactor effluent with a ratio of 0.5 gDQOsubstrate/gVSinoculum. After headspace deoxygenation 
with N2, the bottles were gas-tight closed and incubated at 55°C or 35°C. The tests were carried 
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out in duplicate. Blanks without substrate (for endogenous CH4 production of the inoculum) and 
controls with carboxymethylcellulose (to confirm the inoculum hydrolytic activity) were also 
performed. The biogas produced was stored in gas-tight Tedlar® bags and the gas volume was daily 
measured with a 100 mL hermetic syringe. The biogas composition was determined by gas 
chromatography (GC-TCD) according to Cardeña et al. (2017). The volume of CH4 produced per 
gram of COD consumed was calculated at STP conditions. 

Results and Discussion 

As shown in Figure 1, the GS successfully treated effluent and the sediment under thermophilic
conditions. The GS supported final CH4 yield of 308 and 290 mL CH4/gCOD when using the UASB 
reactor effluent and the wine vinasses sediment, respectively. The thermophilic digestate generated 
a final CH4 yield of 259 and 272 mL CH4/gCOD with effluent and sediment, respectively. These
results showed that the granular sludge performance is at least equal than the reference thermophilic 
inoculum. Moreover, the relatively short acclimation time of the GS did not hindered the 
methanogenic potential of the inoculum when dealing with complex agroindustrial substrates (it
was observed that both inocula also supported hydrolytic activities). Finally, in thermopilic 
conditions, methane production was 2-fold higher compared with mesophilic conditions.

Figure 1. Methane yield curves of (a) comparing mesophilic/thermophilic conditions and (b) comparing thermophilic 

performance of inocula. Digestate (D); Granular Sludge (GS); Effluent (E); sediment (Sedim); Thermophilic (T); Mesophilic (M).
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INTRODUCTION
Conventional wastewater treatment plants utilize aerobic processes as the core biological 
treatment unit. The intensive energy input associated with aeration and the production of 
excessive sludge lead to high operational costs of these systems. Chemical energy contained 
in organic matters of municipal wastewater is 23.0 W/capita, which can be recovered in the 
form of methane using anaerobic treatment (Gao 2014). In particular, blackwater, mainly 
feces and urine, can be collected separately from household greywater. Source diverted 
blackwater presents high energy content source (Zeeman & Kujawa-Roeleveld 2011). The 
methane production potential of blackwater collected from different sources (different types 
of toilets) has not been evaluated previously. The high ammonia concentration and high pH in 
blackwater may inhibit anaerobic blackwater treatment and should be evaluated. The 
difference in various wastewater collection systems can lead to the difference in wastewater 
biological methane potentials and microbial community structure in anaerobic reactors. It is 
important to elucidate the impacts of collection procedures and potential inhibitors on the 
anaerobic treatment of blackwater and conventionally collected sewage because this 
information is needed for the design and operation of such systems. This study evaluates and 
compares the energy production potential and microbial population dynamics of municipal 
wastewater (sewage), primary sludge, and blackwater collected from different types of toilets 
at 20°C and 35°C. Potential challenges for operating anaerobic wastewater treatment systems 
have been identified.  

METHODS AND MATERIALS

The biological methane potential (BMP) was measured at 20 and 35°C in blackwater (from 
vacuum and conventional toilets), sewage, and primary sludge in batch experiments using 
serum bottles (157 mL). The components for blackwater preparation were contributed by 
people in the research group. The contribution was made diversely to make the blackwater 
representative. The components were all mixed by a blender to be homogeneous and prepared 
as a feed stock. The blackwater in vacuum and conventional toilet was made based on 1 L 
water/flush and 9 L water/flush respectively. Chemical oxygen demand (COD), pH, NH4

+-N, 
total nitrogen, volatile solids, total solids, and total phosphorus in the substrates were
determined at the start and end of each experiment. The volumes of the substrates were 15 mL,



110 mL, 135 mL and 30 mL, respectively for blackwater in vacuum toilet, blackwater in 
conventional toilet, sewage and primary sludge. The digester sludge from local wastewater 
treatment plant was used as inoculum. The input inoculum volume was 0.1 mL, which was 
small to avoid its impact on the substrates’ BMP. Blank sample with inoculum and water was 
set up to check methane production due to the inoculum. Nutrients and trace element medium 
were not added as it was assumed sufficient in the substrate. Microbial community diversity 
for various samples was compared.

RESULTS AND CONCLUSIONS
Our studies showed that the COD, pH, and ammonia concentration of blackwater from the 
vacuum toilet and sewage, respectively, were 29.5 g/L, 8.6, and 1.0 g NH4-N/L and 720 
mg/L, 7.4, and 52 mg NH4-N/L. In BMP tests at 35 °C, the lag phase of blackwater and 
sewage was 2.5 days; at 20 °C, the lag phase of blackwater increased to 10 days, while the lag 
phase of sewage remained at 2.5 days. The methane production rates in blackwater in the 
conventional toilet, primary sludge, and sewage were similar at 35 °C, and were higher than 
the methane production rate in the vacuum toilet collected blackwater. BMP of blackwater
from conventional toilet was 62% at 35 °C, which was higher than sewage (40%), primary 
sludge (22%), and blackwater collected from vacuum toilet (31%). Compared to the 35 °C 
condition, a longer time would be required to achieve the same BMP at 20°C. The low 
methane production in the vacuum toilet blackwater may be caused by ammonia inhibition. 
The hydrolysis rate constants of blackwater, primary sludge, and sewage were determined. 
Methanogen microbiology in the BMP tests was monitored and compared.   
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Figure 1. Cumulative methane production from sewage, primary sludge, blackwater (vacuum 
toilet, conventional toilet) at 20 and 35 C.
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Abstract

The performance of a hybrid upflow sludge blanket anaerobic baffled reactor was tested as an 
integrated treatment system for source-separated blackwater. The system consist of a stirred 
equalization tank, a buffer inlet tank and two hybrid reactors, each with a working volume of 16.4 
L. Both reactors run at 3-days hydraulic retention time with different intermittent pulse feeding.
The pulse intensities into the reactors were regulated by adjusting pump speed. Pulse length of 12
and 24 seconds per feed was set with respective rates of 114 L h-1 and 52 L h-1 for short-pulse fed
reactor (RI) and long-pulse fed reactor (RII). Stable performance of the reactors was attained after
120 and 90 days, for RI and RII, respectively. Total COD removal efficiency stabilized above 78
% at steady state. Biogas production ranged from 8.6.-19 L d-1, with 63–82 % methane
concentration and an average conversion of 0.69 and 0.75 g CH4-COD g-1CODin for RI and RII,
respectively, at steady state. The results imply that source-separated blackwater can be treated
efficiently in an anaerobic sludge blanket process on average loading rate of 0.3 g COD d-1 L-1

reactor volume with high methane production potential and appreciable removal of organic and
particulate matter.

Key words: blackwater, hybrid reactor, source-separation, post-treatment, resource-recovery.

Introduction

Considering the increasing concerns of water scarcity and environmental pollution, a new trend 
has emerged for decentralized and source-separated approaches of processing wastewater as a 
resource (Larsen et al. 2013, Voulvoulis 2014). Source-separation of wastewater involves separate 
collection and treatment of the different domestic wastewater streams. About 70% of organic 
matter (COD) and 80% of nutrients discharged by a household into the wastewater originate from 
toilets (Langergraber and Muellegger 2005, Kujawa-Roeleveld and Zeeman 2006, Todt 2015)
which constitute only 1% by volume of the total domestic wastewater.  

Recent studies on separate collection and treatment of blackwater (BW) fraction show that 
anaerobic up-flow reactors have potential for energy and nutrient recovery (Kujawa-Roeleveld 
2005, Kujawa-Roeleveld and Zeeman 2006, Zeeman and Kujawa-Roeleveld 2011, Zeeman et al. 
2008). The key feature of anaerobic up-flow reactors is the formation of sludge blankets in which
biomass and particulate organic matter are retained in the reactor. The up-flow mode provides 
sufficient contact between anaerobic sludge and incoming substrate of the wastewater, thereby 
increase the physical removal of suspended solids and biological removal of dissolved organic 
compounds (Zeeman et al. 2001, Luostarinen and Rintala 2005). Understanding factors that 



influence those key features of the up-flow reactor will help to develop a robust and effective 
reactor. The feasibility of high-rate anaerobic up-flow reactor systems for blackwater, therefore, 
depends primarily on:- (i) the nature of the organic components in the blackwater, (ii) the 
operational conditions (particularly organic load rate OLR, hydraulic loading rate HLR, pH and 
Temperature), and (iii) the reactor configuration, especially its capacity to retain viable biomass in 
sludge bed. 

A hybrid reactor which integrates an up-flow sludge blanket in an anaerobic baffle reactor (ABR) 
was developed based on the hypothesis of combing the advantages of up-flow anaerobic sludge 
blanket (UASB) and ABR while minimizing their limitations. Studies with animal manure showed 
that this process works reliable on relatively high loading rates and short hydraulic retention time
(Bergland et al. 2015), which makes it attractive for an application to blackwater. The performance 
of such a reactor principle was tested here as an integrated treatment system for source-separated 
blackwater. The aim of this study was to evaluate effects of load and feed pulses on the system 
performance in terms of initial adaptation, stability, effluent quality, removal efficiency of organic 
and suspended particulate matter, biogas production and methane yield. 

2. Methods
2.1. Collection and characterization of source separated blackwater

The substrate used in this anaerobic digestion experiment is a source-separated blackwater (BW) 
collected from student dormitories at the Norwegian University of Life Sciences with 48 
inhabitants. The dormitory is equipped with vacuum toilets with 1.2 litter flushing volume. A
vacuum pump with integrated grinder (VacuumaratorTM 25MB, Jets, Hareid, Norway) delivers the 
BW to a pumping station from which it is transferred with an impeller pump (40U, Tsurumi Europe 
GmbH, Düsseldorf, Germany), into a stirred storage tank located in the laboratory facilities. Total 
retention time in the sewer system is 36-48h. More details are given in Todt et al. (2015). Samples 
were taken from this tank on weekly bases to study and characterize the composition of blackwater 
as described in section 2.3 

2.2. Reactor configuration and setup

Two prototype laboratory-scale hybrid UASB-ABR reactors with a working volume of 15.7 L 
each were used for this study. The reactors were constructed from 10 mm thick PVC pipe section
with an internal structure to establish two chambers. The feed enters at the bottom of the main 
chamber with an up-flow anaerobic sludge blanket (UASB) with internal dimensions of 315 mm 
height and 315 mm diameter. The water flows from the top of this first chamber, to the bottom of 
a smaller chamber of 245 mm height and 135 mm diameter, directed by a baffle in this chamber, 
therefore defined as an anaerobic baffle reactor (ABR) (McCarty et al. 1992, US Patent 5091315). 
One-third of the baffled chamber is used for down-flow and remaining two-third of the ABR is 
used for up-flow.  

The reactors were fed with concentrated and partially hydrolyzed blackwater from a buffer tank 
using peristatic pumps with intermittent flow of 16 pulses per day but with two different pulse 
lengths, 12 and 24 seconds per pulse for Reactor I and Reactor II, respectively. The hydraulic load 
was adjusted to 6 L d-1 for each of the reactors by accordingly adjusting the rotation speed of the 
peristaltic pumps with help of a frequency converter. The baffle chamber separates the solid from 
the liquid phase. A T-tube on the outlet of the second chamber (the ABR) separates the gas from 
the liquid phase. The u-tube pressure lock on the liquid outlet prevents the gas from escaping with 



the liquid. Reactor temperature was adjusted to 25 and 28 °C with help of a heated water bath to 
keep the reactors at constant temperature.

2.3. Liquid analysis

Inlet raw blackwater and digested effluent samples were taken on a weekly basis in form of 24h 
composite samples. Occasionally samples were also taken at the bottom of the two chambers in 
each of the reactors. Analysis of chemical oxygen demand (total CODt and soluble CODs),  pH, 
total ammonia nitrogen (TAN), total and soluble phosphorous (P-tot and PO4-P), total suspended 
solids (TSS), total solids (TS), volatile solids (VS), volatile suspended solids (VSS), and 
measurement of the concentration of volatile fatty acids (VFAs) were carried out to determine the 
characteristics and efficiency of the system. Total COD and total P were measured from the 
unfiltered sample. Soluble COD, PO4-P and TAN were measured from filtered samples using 
1.2μm glass fiber filters. CODt and CODf concentrations were analyzed using spectrophotometric 
test kits (Hach-Lange, Berlin, Germany) LCK 014 and LCK 514, respectively. Total P, PO4

-3-P, 
and TAN in the filtered samples were diluted (with a dilution factor of 103) and analyzed using 
Hack Lange test kits of LCK 349 and LCK 304, respectively.  

Total suspended solids (TSS), volatile suspended solids (VSS) retained on the 1.2μm glass fiber 
filters (Whatman GF-C, GE Healthcare, Little Chalfont, UK) and total solids (TS), volatile solids 
(VS) were determined using standard methods (American Public Health Association (APHA) 
2005). Limited number of samples were taken for E. coli and total coliform bacteria analysis from 
the influent and effluent of the reactor to estimate the effect of anaerobic digestion on pathogen 
reduction, following the standard analytical methods (American Public Health Association 
(APHA) 2005) using Colilert 18 test kits (IDEXX Laboratories Inc, Maine, US). For VFA analysis, 
samples were centrifuged at 6000 rpm for 10 min and the supernatant was filtered through 0.45μm
membrane filter prior to analysis. VFA was analyzed using HPLC at the NMBU Biogas laboratory
in Ås and using gas chromatography (Hewlett Packard 6890) at USN, Porsgrunn. The gas 
chromatography has a flame ionization detector, a capillary column and helium as gas carrier.  

2.4. Biogas monitoring 

Biogas production, from both reactors, was monitored daily. The gas volume was measured 
continuously using Ritter® MilliGas counter (Dr.-Ing. Ritter Apparatebau GmbH & Co. KG). Gas 
samples were collected using 1 L collection bag (7¨x7¨ multi-layer RESTEK , Bellefonte US) for 
CH4 and CO2 determination. The gas composition as methane (CH4) and carbon dioxide (CO2)
was then determined via gas chromatography (GC) (Perkin Elmer, TC detector, carbowax packed 
column, helium as carrier gas, and flowrate of 17 mL min-1). The methane-COD (CH4cod)
production was calculated from the average measured CH4 fraction (partial pressure of methane)
in the biogas (fCH4 in Pa), the daily cumulative gas flow rate (Qgas L/d), and, TOD(CH4) is
theoretical oxygen demand for CH4 (64 g COD CH4 mol-1), R is the universal gas constant (8.3145 
m3 Pa mol-1 K-1) and T is operational reactor temperature (°C)).  = ( ) ( ) 1

2.5. Mass balance calculation 

The COD mass balance was established with the organic mass loading rates (OLR) determined for
inlet (CODin), effluent (CODout), excess sludge (CODsludge) and gas (CODCH4). OLR is expressed 



as the daily load of organic matter determined as COD normalized per reactor volume unit (g O2
d-1 L-1) where Q is the hydraulic load in L d-1, Ccod is the COD concentration in g L-1 at the
particular sampling point and the working volume of the reactor in L (Vreactor): =  2

COD accumulated in the reactor in form of biomass/sludge (CODacc) was then calculated from the 
OLR at CODin, CODout, CODsludge and CODCH4.= ( ) ( )   3 

3. Results and discussion

The raw blackwater (BW) used in this research is presented in Table 1, and characterized by
organic matter concentration measured as CODt, CODs, total suspended solids, total solids, 
volatile solids, pH, volatile fatty acid, ammonium nitrogen and phosphorus. The influent CODt 
and CODs concentrations were in the ranges 1900-7600 mg/L and 400-2300 mg/L, respectively. 
The average of the influent particulate (CODt-CODs)/CODt ratio remained relatively high (0.8 on 
average) throughout the operation. The influent COD is therefore mainly in the suspended form 
constituting about 77 % of the total COD. The COD of the filtered sample, defined as the soluble 
fraction, constitute about 23 % of total COD. The volumetric organic loading rate ranged from 25–
45 g COD/reactor volume/d for Reactor I and 27-47 g COD/reactor volume/d for Reactor II.  

The influent TSS concentration ranges from 1000–5900 mg/l. The high standard deviation 
indicates significant temporal variability of raw BW composition during the study period. The 
daily variation in the BW composition could arise from several factors including the diet of the 
inhabitants, toilet paper consumption and number of flushing events per toilet visit. 

Table 1. The composition of BW used during the experimental period. The ± shows the standard 
deviation. 

Parameter Unit Average

pH 9±0.34
CODt mg/L 5500±1300
CODf mg/L 1200±330
TSS mg/L 3000±900
TS mg/L 6300±700
VFA mg/L 400±200
VS mg/L 4800±600
NH4-N mg/L 900±180
Tot P mg/L 120±20
PO4

—P mg/L 60±20

COD removal efficiency

During the start-up phase, the removal efficiency of total COD varied with time ranging from 31 
to 67 % with an average of 48 % in RI and from -4 to 74 % with an average of 36 % in RII (Fig.1
top). Suspended particulate COD fraction removal during this stage of operation was on average 
68 and 76 % for RI and RII, respectively. The filtered COD fraction removal was negative with an 



average of -25 for RI and -49 % and RII during the first four months. This implies that the 
disintegration of the particulate fraction of COD and hydrolysis of the feed organic exceeded 
methanogenesis during the first part of the study. Similar results has been reported in other studies 
(Al-Jamal and Mahmoud 2009, de Graaff et al. 2010, Sharma et al. 2014, Sharma and Kazmia 
2015).  

Figure 1. Total COD removal efficiency (CODtRemEff) in R-I and R-II during the start-up and 
steady state (top), and measured soluble COD (CODs) in and out of the reactors throughout the 
study.  

The surplus dissolved organics in the effluent compared to influent dissolved organics diminished 
with time and the reactors reached steady state after 120 and 90 days for RI and RII respectively 
(Fig 1 bottom). During the steady state period, both particulate and soluble organic fraction 
removal stabilized with an average removal efficiency of 86 and 90 % for particulate COD and 55 
and 54 % for soluble fraction in RI and RII, respectively. This implies that the special UASB-ABR 
reactor configuration achieved efficient retention and degradation of particulate organic matter. 



The effluent quality demonstrated the ability of the reactors to remove efficiently the particulate 
organic matter and total suspended solids.  

Effect of OLR

During the steady state period, the two reactors received in average an organic load of 32.5 g 
COD/day and 24.8 g COD/day for RI and RII, respectively. This translates into an OLR 
(normalized per reactor volume, see Eq. 2) of 0.3 and 0.21 g d-1 L-1 respectively. The variability of 
organic load was more pronounced in RII than RI (Fig.2) and likely a result of different flow 
velocities out the buffer tank during feeding, which were 610 m/h and 320 m/h for RI and RII, 
respectively. However, the effect was not reflected on the effluent quality at steady state.
Moreover, both reactors have similar trend in the removal efficiency and methane conversion rate 
although higher methane conversion rate was observed in RII. This could be due to the longer 
feeding length, which provide more time of substrate exposure. 

Figure 2. COD mass loading rates, normalized per liter reactor volume for inlet, gas (CH4) and 
effluent for Reactor I (top) and Reactor II (bottom)



Pulse feeding effects

Fig. 3 shows effluent sludge volume taken after 5 minutes and 30 minutes of sedimentation. The 
result clearly revealed that in both reactors the effluent sludge is characterized by well sorted heavy
particle concentration that settle within very short time. In all observations, most of the effluent 
sludge settled within five minutes. Hence, the change in amount of effluent sludge between 5 and 
30 min sedimentation time was insignificant (p>0.5). The settled effluent sludge volume was 
higher for Reactor I than in Reactor II except the first two days and at steady state when both were 
close to zero.  

Figure 3. Effluent sludge volume of R-I (top) and R-II (bottom) after 5 and 30 min of sedimentation 
time during the study. 

The up-flow velocity plays an important role in determining the behavior of sludge development 
in sludge beds and sludge blanket expansion (Wiegant 2001, Mahmoud 2002, van  Lier et al. 
2008). In our reactors, the up-flow velocity is determined by the actual flow rate during pulse 
feedings of 114 L h-1 and 52 L h-1 resulting in an up-flow velocity of 1.5 and 0.7 m h-1 for RI and 
RII, respectively. In a UASB reactor, the up-flow water velocity usually ranges between 0.1 and 
1.4 m h-1 (Kalyuzhnyi et al. 2001, Korsak 2008). The high rate of flow in this study lasts, however, 
only for a very short time for 12 and 24 seconds per pulse with 5388 and 5376 seconds long pulse 



intervals. The average up-flow velocity was therefore much less than this actual pulse up-flow 
velocity. The high flow rate, during pulse feed, lifts the sludge blanket by about 6 mm but it slowly 
sinks during the long pulse intervals. In un-matured reactors, this causes instability and removal 
of more biomass to the effluent, which is especially the case at the startup stage in RI, requiring 
longer time to reach steady. Steady state was reached sooner for the less intense feed pulse (RII) 
than for the high flow pulse (RI). Studies on the effect of upflow velocity on suspended solid 
removal indicated deterioration of effluent quality as upflow velocity increases from 0.7-0.9 m/h 
to 3.2 m/h (GonC alves et al. 1994). However, no significant differences in residual sludge was 
observed in the effluents of the two cases (RI vs RII) at steady state (Fig. 3). The two cases also 
had similar COD removal and comparable methane production at steady state (Fig. 1 and 2), 
implying that the reactors had sufficient sludge expansion volume, solid separation and mass 
transfer for both feed pulses tested. It also implies that the reactor culture was able to adapt to both 
feed pulses tested.

Production and influence of volatile fatty acid (VFA)

Start-up period

It has been observed that the organic substrates present in the blackwater were subject to 
simultaneous hydrolysis and acidification by hydrolytic and acidogenic bacteria in the feed buffer 
tank. Low pH at the bottom of the buffer tank revealed the formation of VFA. The concentration 
of VFA in the buffer tank reached a peak value of 4750 mg/l and had higher values than the raw 
blackwater throughout the operation period. The buffer tank, therefore, serve as a pre-hydrolysis
and fermentative step. Moreover, VFA concentration substantially varied spatially and temporally 
in the system, particularly at the early stage of the study. In all cases, VFA levels in the second 
chamber of the reactors were lower than in the first chamber.  

Acetate was prime constituent of VFA and the main intermediate product of acidogenic 
degradation in the buffer tank, as well as in the different parts of the reactors and effluents. The 
ratio of acetate to total VFAs reached more than 90 %, which shows the significant activity of 
acidogenic bacteria. The higher concentration of acetic acid as compared to the other volatile acid 
components is due to the fact that acetates are produced in all biochemical pathways of anaerobic 
biodegradation of carbohydrates, protein and fats (Narkis et al. 1980). During this start-up phase,
total VFA concentrations in the reactor effluent was higher than the feed blackwater and reached 
peak value after two months in both R-II than R-I (Fig. 4). This demonstrates that the establishment 
of methanogenesis was lagging behind acetogenesis due to the slow growth rate of methanogenic 
archaea. Nevertheless, effluent VFA decreased sharply towards the end of the start-up period as 
the acetate produced is rapidly convert into methane by methanogens (Senturk et al. 2014). The 
concentration of VFA in the effluent also corresponds with the observed effluent CODs 
concentrations (Fig 1 bottom). Propionic acid concentration was also relatively high in the 
blackwater but low in the reactor effluents, implying that methanogenesis was the overall rate 
limiting step in the biogas production. The methane concentration was, however, above 65 % in 
the generated biogas.  



Figure 4. Total VFA in the influent (blackwater from feed tank), Reactor I effluent, and Reactor II 
effluent. 

Steady state period

The methane production progressively increased when the reactors matured and 60-70 % of the 
feed COD was converted to methane at steady state. Effluent VFA concentrations decreased and
the COD and TSS removal reached 89 % & 90 %, respectively. Fig. 5 shows the average VFA 
concentration during steady state period from the inlet tank, buffer tank and the different chambers 
of the two reactors. The average VFA is high in the buffer tank but degraded very fast in the 
reactors. In such highly buffered systems, pH changes in the reactor are small. Hence, VFAs can 
be considered reliable for process monitoring (Murto M. et al. 2004). 

The total VFA in the up-flow sludge blanket compartment R1C1 for R-I and R2C1 for R-II, is 
generally higher than in the ABR compartments R1C2 and R2C2 for R-I and R-II, respectively. 
VFA concentration decreased through the reactor chambers, indicating stability of the reactors 
(Mes et al. 2003, Colón et al. 2015). The decrease VFA concentration in the second chamber of 
the reactors, particularly in R-II indicates complete degradation of VFA. This corresponds to the 
effluent VFA, which is close to zero at steady state.

pH

Over all, in both reactors pH remained stable for most of the time both in the influent and in the 
effluent during the operation period. This is mainly due to the high buffer capacity as well as high 
ammonium concentration in the influent. The average pH of the influent was 9.1 and 8.38 and 8.1 
for the effluent of R-I and R-II, respectively. In AD pH is a key factor in the formation and 
characterization of VFA and the ammonium/free ammonia equilibrium (Ortiz et al. 2014).The pH
influences bacterial and achaeal growth rates (Espinoza-Escalante et al. 2009). A pH between acid 
and neutral (i.e. pH 5-7) promotes butyric acid production, while basic conditions (~ pH 8) favor 
acetic and propionic acid formation (Horiuchi et al. 2002). This supported our observations of high 
acetate as the main intermediate result of acidogenic degradation in the buffer tank, the different 
compartments of the reactors and effluents.  



Figure 5. Average total VFA in the inlet blackwater, buffer tank, and different compartments of 
RI and RII. 

Mass-balance and potential methane recovery

Biogas Production 

Biogas production and methane content were measured and compared between the two reactors. 
Biogas production ranged from 8.6.-19 L d-1 in RI and 6-10 L d-1 for RII, with an average methane 
content of 70 % and 74 %, respectively. The biogas production was highly variable mainly due to 
the fluctuation of organic loading. High biogas recorded during the present study can be attributed 
to a combination of the reactor configuration and significant pre-hydrolysis in the buffer tank. On 
top of that compared to other single-phase systems, and conventional UASB which produce biogas 
with methane content fluctuating between 40 % and 60 % (Yu et al. 2002), this hybrid reactor is 
efficient in terms of production of biogas with high methane content. The average methane content 
in this study is comparable to reported biogas yield after co-digestion of blackwater using 
anaerobic hybrid reactor (Elmitwalli et al. 2002) and the amount of CH4-COD produced in the 
MIX-UASB reactor (Tervahauta et al. 2014).

COD mass-balance

Figure 6 presents steady state COD mass-balance for the two reactors and the combined mass 
balance for the system. The cumulative organic load during the steady state period was 0.3 and 
0.21 kg COD with an average daily normalized organic loading rate of 2,5 and 1.7 g O2 d-1 L-1

reactor volume and a hydraulic loading of 681 and 718 L for RI and RII, respectively. In relation 
to the inlet COD, 69 % of the COD is converted to CH4 in RI and 75 % in RII. The amount of 
COD retained or accumulated as biomass in the reactor is 14 % for RI and 5 % for RII. Low 
retained COD in RII can be attributed to higher conversion rate of COD to methane, although the 
reactor has lower gas volume production compared to gas production in RI. Residual COD 
fractions in the effluent is 17 % and 20 % in RI and RII, respectively.  



Figure 6. The overall mass balance of RI and RII at steady state. 

4. Conclusions

In this study, source-separated blackwater was anaerobically treated with a hybrid UASB-ABR 
reactor at controlled temperature (i.e. 25-28 oC) for several months, going from variable efficiency 
to steady state after less than ½ year. The concentrated source-separated blackwater was treated 
efficiently at 3 d HRT with total COD removal efficiency stabilized above 78 % at steady state.
Biogas production ranged from 8.6.-19 L d-1 and an average conversion of 0.69 and 0.75 g CH4-
COD g-1CODin at steady state for the two reactors operated with different feed pulses. Feed pulse 
length influenced significantly the early phase of the AD process. Short and strong feed pulse 
resulted more unstable performance at start-up phase and longer time to reach steady state 
compared to the longer pulse feeds with lower flow rate, but similar steady state performance was 
observed for the two feed pulses. Gas production was mainly influenced by the uncontrolled 
change in the influent composition but biogas methane concentration was quite stable. The system 
conserves nutrients as soluble N and P in the effluent, which opens up the opportunity to recover 
these valuable resources with novel post-treatment steps. The results imply that source-separated 
blackwater can be treated efficiently in an anaerobic sludge blanket process at an average loading 
rate of 0.3 g COD d-1 L-1 reactor volume with high methane production and removal of organic 
particulate matter.
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INTRODUCTION / MAIN METHODS 
The municipal wastewater treatment sector is currently undergoing a period of rapid 
transformation; the focus herein is shifting from solely removing anthropogenic pollutants to 
more specific treatment strategies with source-separated sanitation, where the recovery of 
valuable resources from wastewater, such as energy, nutrients and water, plays a significant 
role (Zeeman and Kujawa-Roeleveld, 2013). This work centres on recovering biogas from 
blackwater using a 5 l Continuous Stirred Tank Reactor (CSTR). This reactor configuration is 
potentially suitable for small sanitation concepts, as it is a robust technology with low 
machine and control-related expenditures, which allows simple operation monitoring and 
maintenance (Hinken et al., 2015). Additionally, some studies have previously investigated 
blackwater digestion in Upflow Anaerobic Sludge Bed (UASB) Reactors (de Graaff et al., 
2010). A few researchers also addressed the use of a CSTR for blackwater digestion, yet at 
relatively low OLRs or by adding co-susbtrates like kitchen refuse (Wendland et al., 2007). 
However, to the best of the authors’ knowledge, none has thus far used sieved or 
statically/mechanically thickened domestic blackwater as feedstock for anaerobic digestion. 
This research attempted to initially forgo coarse solids by sieving blackwater in order to 
understand how sieving impacts blackwater digestion. In a second step, two different
thickening pre-treatment methods were adopted with the end goal of enhancing biogas 
production from household blackwater for effective, simple small treatment systems. 
A 5 l lab-scale anaerobic CSTR was run for approx. 310 days with sieved blackwater as 
feedstock, which was collected from the vacuum toilets installed within the facilities of the 
Institute for Sanitary Engineering, Water Quality and Solid Waste Management at the 
University of Stuttgart. After a transition period, the reactor was eventually fed with statically 
or mechanically thickened blackwater for further 140 days. All experiments were carried out 
at 15 or 20 d hydraulic retention time (HRT) in order to investigate the impact of the HRT 
upon digestion. Sieved blackwater was characterised by a concentration of 2.4–10.5 g/l COD 
and 2.9–9.0 g/kg total solids (TS), while statically thickened blackwater consisted of 17.8–
52.4 g/l CSB and 14–40 g/kg TS. For centrifuged blackwater, the COD concentration 
amounted to 34.9–65.1 g/l. The dissolved COD content in raw blackwater was determined to 



27±10% of CODtot (n=52) and the COD/BOD5 ratio to 1.9 (n=5). After sedimentation, the 
soluble COD in the blackwater feedstock reduced to 13±3% CODtot (n=8) and the 
COD/BOD5 ratio increased to 2.3 (n=5).  

MAIN RESULTS AND CONCLUSIONS 
Stable digestion of pre-treated blackwater allowed successful COD removal and production of 
biogas throughout all investigated phases, which can be inferred from Figure 1. For digestion 
of sieved blackwater at 0.32–0.73 kg COD/(m3·d), a HRT of 15 d has proved to be sufficient,
which was potentially attributed to a faster hydrolysis due to the absence of coarse solids. 
Correspondingly, relatively high COD removals of 64–74 % were obtained at gas production 
rates of 43–120 l CH4/(m3·d). Figure 1 also elucidates the advantage of thickening, as it was
observed that the OLR was linearly proportional to the gas production within the investigated 
range. 514 l CH4/(m3·d) were produced from statically thickened blackwater at 15 d HRT and
2.0 kg COD/(m3·d). At 20 d HRT and 1.5 COD/(m3·d) a slightly lower rate of 450 l/(m3·d)
was achieved due to the lower loading to the reactor. In addition, the centrifuged influent 
produced in average 898 l CH4/(m3·d). However, with thickened blackwater slightly lower
removals of 55–64 % COD were achieved in comparison to sieved blackwater due to higher 
OLRs and the slightly higher COD/BOD5 ratio of thickened blackwater. 

Figure 1. Specific methane production rates and removal efficiencies for blackwater digestion 
at different organic loading rates and hydraulic retention times.

In sum, the results showed that all investigated pre-treatments gave viable feedstock for use in 
blackwater treatment. On the one side, digestion of sieved blackwater was characterised by 
slightly higher removal efficiencies and allowed a satisfying reactor operation at both 15 d 
and 20 d HRT; on the other side, thickening blackwater provided the advantage of much 
higher biogas production rates for the same reactor volume.
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Abstract: Anaerobic-based sewage treatment plants (STPs) have an important role in the 
sanitation sector in Latin America. If well designed, built and operated, these STPs can 
effectively meet legal discharge standards. Nevertheless, there are commonly neglected 
problems whose solutions would bring significant environmental improvements. A few 
examples are the loss of dissolved methane in the treated effluent and incomplete biogas 
combustion in low-efficiency biogas burners, both associated with greenhouse gases 
emissions. The aim of this work was to identify the most suitable alternatives in terms of 
carbon emission minimization for the integrated management of biogas, diffuse emissions 
(waste gas) and sludge in small anaerobic-based STPs (10,000 Pe). Three different 
hypothetical scenarios were simulated to assess STPs carbon footprint, considering 
different strategies based on the most suitable options for the integrated management of by-
products. Diffuse emissions were found to be the main source of carbon emissions from 
STPs, even when biogas is not used for thermal energy recovery. In order to effectively 
minimize GHG emissions from STPs, the use of biogas instead of LPG for cooking in the 
STP vicinity seems to be a key strategy.  

Keywords: By-products management; biogas; UASB reactors; anaerobic sewage 
treatment, greenhouse gases

INTRODUCTION 
The use of anaerobic technology in sewage treatment plants (STPs) has significantly 
expanded in the last decades and is now considered a consolidated technology in Latin 
America (Chernicharo et al. 2015). However, one of the major limitations for an even wider 
use of anaerobic-based reactors (e.g. UASB reactors) is the management of CH4 and H2S in 
the gas phase (biogas) and dissolved in the liquid phase (released as diffuse emissions). 
Odorous emissions (caused mainly by hydrogen sulfide) are known to affect the quality of life 
of local communities and methane emissions significantly contribute to the carbon footprint 
of the treatment process. 

The advantages of anaerobic treatment are considered important attributes for developing 
more sustainable environmental technologies, such as little (close to none) demand for fossil 
fuels, simple and robust technology, and potential for resources recovery. Nevertheless, solid 
(sludge and scum) and gaseous (biogas) by-products are usually disposed of in landfills or 
flared, respectively. Although these routes are accepted in Brazil, they are not the most 
appropriate ones, due to their associated negative impacts in the atmosphere, soil and 
groundwater. Efforts to recover by-products are still incipient, mainly in small, decentralized 



STPs. When accomplished, they occur in a disjointed manner, usually addressing only a few 
of the possible alternatives. 

The aim of this work was to assess the most suitable alternatives in terms of carbon emission 
minimization for the integrated management of biogas, diffuse emissions (waste gas) and 
sludge in small anaerobic-based STPs (10,000 Pe). Three different hypothetical scenarios 
were simulated to assess the STPs’ carbon footprint, considering different management 
strategies. 

MATERIALS AND METHODS 
The most suitable options for the integrated management of by-products generated in small 
STPs were drawn up in a schematic flow-sheet (Figure 1), based on results obtained in several 
studies carried out by our research group (Borges et al. 2005; Souza et al. 2011; Lobato et al.
2012; Glória et al. 2016; Brandt et al. 2016; Rosa et al. 2016). For the liquid phase treatment,
this proposed flow-sheet comprises a first anaerobic stage (UASB reactor) followed by a
compact or an extensive aerobic post-treatment system (e.g trickling filters, wetlands, land 
application or polishing ponds). It is also possible to implement a simplified degassing unit to
desorb H2S and CH4 from the liquid phase (Glória et al. 2016), which would be followed by a 
biofilter for combined sulfide and methane abatement (Brandt et al. 2016).  

Figure 1. Flow-sheet proposal for integrated by-products management in decentralized 
anaerobic-based STP (10,000 Pe)

The two considered alternatives for the management of sludge from small STPs were sludge 
sanitizers or thermal drying beds. When sanitizers are used, an increase in the sludge solids 
content is not expected (Borges et al. 2005) and such an option could be applied where the 
treated sludge (bio-solid) is used in the immediate vicinity of the STP (long-distance 
transportation not required). It is important to emphasize that sludge management for the 
extensive natural post-treatment options (wetlands, land application and polishing ponds) can 



be neglected. This can also be accomplished with the trickling filters by using sponge-based 
systems (Almeida et al. 2013).  

Alternatives for biogas management comprise its use for cooking or water heating in 
households near the STPs. Biogas is burned when thermal energy recovery is not applied.  

A recently developed tool called “Sulfide and Carbon Emission Avoidance and Energy 
Recovery in STPs” (Chernicharo et al. in press) was used to perform the carbon footprint 
assessment of an anaerobic-based 10,000 Pe STP, considering three different scenarios (Table 
1). The first one (default scenario) was proposed based on the typical configuration of UASB-
based sewage treatment plants implemented in developing countries. In this case, the 
produced biogas is directly burned without energy recovery, the excess sludge goes to drying 
beds and there is no downstream dissolved gas management.  

The second proposed scenario considered the following uses of the produced biogas: 90% of 
the estimated production (in terms of annual volume) was considered for sludge sanitization 
(Borges et al. 2005) and 10% directly flared. For the third simulated scenario, the same biogas 
proportion was considered for sludge sanitization purposes. However, the remaining biogas 
amount was equally divided for use in cooking and water heating for bathing in the vicinities 
of the STP.  

Table 1 – Proposed scenarios for simulation using the tool Sulfide and Carbon Emission 
Avoidance and Energy Recovery in STPs

Gas phase / Solid 
phase 

Proposed scenarios – Management alternatives 
Scenario 1 (Default) Scenario 2 Scenario 3 

Biogas Flaring 

90% of the estimated biogas 
production was considered 
for sludge sanitization and 
10% directly flared  

90% of the estimated biogas 
production was considered for 
sludge sanitization and 10% 
equally divided for cooking 
and water heating in the STP 
vicinity 

Diffuse emissions from 
settler compartment 
(waste gas) 

Open air settler Open air settler Open air settler

Diffuse emissions from 
gases dissolved in 
effluent (waste gas) 

No downstream dissolved 
gases management (sulfide 
and methane emissions to 
the atmosphere) 

No downstream dissolved 
gases management (sulfide 
and methane emissions to 
the atmosphere) 

Simple degassing unit (spray 
aeration) followed by a 
biofilter 

Sludge Drying beds Drying beds Sludge sanitizer or thermal 
drying beds 

aAll simulated scenarios considered the liquid phase passing through an aerobic post-treatment. Such a condition 
does not influence the management of gaseous emissions. 

The aforementioned developed tool enables the determination of the amount of sulfide and 
methane in three different emission compartments, considering UASB-based STPs: internal 
surface of the gas-solid-liquid (GSL) separator - biogas hood; external surface of the GSL 
separator - settler compartment; and exit of a degassing unit - removal and/or recovery 
dissolved gases released from the anaerobic effluent (see Figure 1). Therefore, the tool allows 
the estimation of the total amount of methane supposed to be emitted into the atmosphere, 



which is then converted to CO2 equivalent, allowing the assessment of the carbon footprint of 
the STP. The main parameters and equations employed in the tool are described in 
Chernicharo et al. (in press). 

RESULTS AND DISCUSSION 
In decentralized STPs, capacity and skills for operation and maintenance are limited, mainly 
in developing countries. Therefore, highly mechanized and complex options for the recovery 
and management of by-products should be avoided. The proposed schematic flow-sheet 
(Figure 1) considers simple alternatives for energy recovery from biogas and for controlling 
gaseous emissions from the liquid phase. Also, a simpler UASB reactor with an open-air
settler was considered. This allows for the development of a scum layer containing 
phototrophic microorganisms able to oxidize H2S (Garcia et al. 2015). Notwithstanding, the 
unclosed settler compartment leads to diffuse CH4 emissions. 

Scenario 1 (Default conditions) 

The simulated default scenario took into account the typical flow-sheet for anaerobic-based 
STPs in developing countries, mainly in Latin America and Caribbean region (Chernicharo et
al. 2015). In this case, the entire volume of the estimated biogas production is flared without 
recovery of the available energy (thermal) potential, contributing to the carbon footprint of the 
STP. Nevertheless, the most representative source of CO2 equivalent emissions for Scenario 1 
was associated with the absence of diffuse emissions control. Dissolved methane in the UASB 
reactor effluent accounts for 54% of the total carbon footprint of the STP, which is equivalent 
to 544.2 tCO2,equiv.year-1 (54.4 kgCO2,equiv.inhab-1.year-1), as shown in Figure 2.

Figure 2. Carbon footprint for the simulated Scenario 1

Scenario 2 

The use of biogas for sludge treatment instead of flaring, as simulated in Scenario 2 (90% of 
the estimated biogas production for sanitization or thermal drying beds) consequently reduces 
by 90% the CO2 equivalent emissions associated with biogas. The use of heat for drying 
excess sludge allows the production of bio-solids (84% TS; Possetti et al. 2015) that can be 
used in the vicinities of the STP, directly contributing to additional GHG emissions reduction 
of ca. 0.5 tCO2,equiv.year-1 (5.4 kgCO2,equiv.inhab-1.year-1), due to lower consumption of fossil
fuels for transport. It can be observed that the carbon footprint associated with diffuse 
emissions (settler compartment and effluent) for Scenario 2 is equal to that of Scenario 1.
That is expected, since there is no management of dissolved methane in the liquid phase. 



Regarding the simulated solid and gaseous phase management alternatives in Scenario 2, the 
balance between emitted and avoided CO2 equivalents remains negative, as depicted in Figure 
3. In this case, a total emission of 488.2 tCO2,equiv.year-1 (48.8 kgCO2,equiv.inhab-1.year-1) was
estimated.

Figure 3. Carbon footprint for the simulated Scenario 2

Scenario 3 

The use of biogas for cooking and water heating in the STP vicinity can avoid the emission of 
approximately 989.7 tCO2,equiv.year-1 (98.9 kgCO2,equiv.inhab-1.year-1) to the atmosphere, as
shown in Figure 4. Such a carbon footprint reduction was mainly related to the replacement of 
5% of LPG used in the STP vicinity (in a volumetric base) by the estimated biogas 
production. As previously stated for Scenario 2, the use of heat to sanitize excess sludge 
contributes directly to further GHG emissions reductions of ca. 0.5 tCO2,equiv.year-1 (0.05
kgCO2,equiv.inhab-1.year-1). In this case, biogas flaring would not be used. Simple desorption
units (Glória et al. 2016) followed by sulfide and methane oxidation in biofilters (Brandt et al.
2016) can reduce the amount of dissolved gases in the final effluent, controlling odour 
nuisance and avoiding the emissions of approximately 164.8 tCO2,equiv.year-1 (16.5
kgCO2,equiv.inhab-1.year-1) to the atmosphere. It is important to highlight the possibility of
complete carbon neutralization in Scenario 3, which is clearly demonstrated in Figure 4. 

Figure 4. Carbon footprint for the simulated Scenario 3



CONCLUSIONS 
The developed tool “Sulfide and Carbon Emission Avoidance and Energy Recovery in
STPs” allows a comparative characterization of the main sources of carbon emissions in
anaerobic-based STPs. This can be useful for decision makers in trade off analyzes of
investments in small STPs infrastructure.

The control of diffusive emissions seems to be crucial to mitigating the carbon footprint
of small anaerobic-based STPs. In order to effectively neutralize carbon emissions, the
use of biogas instead of LPG for cooking in the STP vicinity provides significant
reductions of GHG emissions.
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Introduction 

The microalgae are an attractive feedstock for biofuels production, and can accumulate lipids 
and carbohydrates, fix CO2, and have a fast growing rate. The microalgae culturing in
wastewater plays a treatment effect, reducing the COD (chemical oxygen demand) and 
removing N and P. In addition, microalgae drives a photosynthetic oxygenation, which is used, 
by heterotrophic aerobic bacteria to mineralize organic matter, and to generate CO2 used in turn 
by microalgae. This association microalgae-bacteria (Mab) is able to reduce operational costs 
over conventional aerobic wastewater treatment processes (Muñoz and Guieysse, 2006). That
natural formed Mab colonies self-aggregate in flocs or granules; in this sense, Arcila and 
Buitrón (2016) developed Mab granules close to 2.5 mm of diameter, in an HRAP (high rate 
algal pond) treating domestic wastewater, which achieved 98.3% of settleability. Then, the 
recovered wet Mab biomass can be anaerobically digested to produce methane.  

The coupling of wastewater treatment based on Mab cultivation to methane production, 
potentially may increase the energy gain and reduces production cost. In order to increase the 
methane recovery from Mab biomass, different temperatures during digestion have been 
proposed, where thermophilic temperature may accelerate the hydrolysis rate over mesophilic 
one (Cea-Barcia et al., 2015). In the present work, the effect of different temperatures, 
mesophilic and thermophilic, were evaluated for the continuous methane production in the long 
term, using Mab biomass as substrate. Mas flocs were obtained from an outdoor HRAP treating 
domestic wastewater. In addition, the energy balance was calculated considering the energy 
inputs since the Mab grow in the HRAP and the energetic potential of the methane production. 

Material and Methods 

The Mab biomass was produced in an outdoor HRAP of 50 L (working volume) treating 
domestic wastewater with a hydraulic retention time (HRT) of 10 d. The Mab flocs were 
withdrawn every three days from a sedimentation tank during 300 days. The Mab biomass was 
digested in an anaerobic completely stirred tank reactor (AnCSTR) of 1.5 L (working volume) 
inoculated with granular anaerobic sludge. The AnCSTR was daily fed at a constant organic 
loading rate of 1.1 kg VS (volatile solids)/L-d, mixing at 150 rpm and temperature control using 
a water bath and recirculation. Two HRT, 15 and 30 days, and operational temperatures, 35°C 
and 55°C, were evaluated during the 280 days of continuous operation. 
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Results and Discussion 

In the HRAP the initial COD of domestic wastewater (816 ± 129 mg/L) was reduced 83 %, having 
a stable performance in terms of COD, N-NH4+ and P-PO43- removal during 300 days of operation.
The productivity of Mab biomass in the HRAP was 11.6 ± 4.3 g VS/m2∙d. That biomass was 
daily fed to the digester, after sedimentation.

Regarding the digestion of Mab biomass, among the scarce scientific works evaluating the 
continuous methane production using Mab biomass (Passos et al., 2014), up to our knowledge, 
this is the first report evaluating thermophilic and mesophilic temperatures in the long term.
Considering only the stable periods, an HRT of 30 d a clear advantage using thermophilic over 
mesophilic digestion was observed, increasing in average 55% the yield obtained. For both 
temperatures at 30 d of HTR, the chemical oxygen demand (COD) removal range from 60-62%. 
Our results contradict the results of Wieczorek et al. (2015), who stated that the thermophilic 
temperature in batch tests did not increase the methane yield, which is explained by the short 
period of fermentation (29 days) using an inoculum adapted to mesophilic conditions.

Figure 1. Methane productivity and yield obtained from different conditions evaluated in the AnCSTR.

This work demonstrates the suitability of coupling wastewater treatments process based on 
HRAP and the thermophilic digestion of the Mab biomass produced, in terms of methane 
production.
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Abstract: In this study, we present a sequential electrochemical process for anaerobic 
sludge treatment combining electrochemical peroxidation (ECP) and electro-Fenton (EF). 
In the first step, ECP (consisting of H2O2-assisted electrocoagulation with iron electrodes) 
was applied as a conditioning and stabilizing method. COD, TOC and TSS were 
considerably reduced by 85%, 90% and 86%, respectively, after 2-h treatment under 
optimized conditions (initial pH of 5, 5:1 H2O2/Fe2+ dose ratio and 10 mA cm-2), and
sludge with good settling and compaction properties was generated. In the second step, EF 
was used to mineralize the remaining organic fraction in the filtrate. Remarkably, after 4 h 
of EF under optimal conditions (pH 3 and 500 mA), the COD content was only slightly 
higher than the Singaporean standard limit for discharge into watercourse (100 mg L-1),
with an overall cost of S$ 0.05 L-1 sludge.

Keywords: anaerobic sludge, electrochemical peroxidation, electrocoagulation, electro-
Fenton, wastewater treatment.

INTRODUCTION
As a consequence of the growth of human population, the number of wastewater treatment 
plants (WWTP) has significantly increased over the recent years. These facilities produce 
large quantities of sludge generated by the universally used aerobic and anaerobic wastewater 
treatments (Christensen et al. 2015). In fact, the complex characteristics of sludge render 
treatment and disposal difficult and expensive and as a result, sludge management already 
represents over 60% of the total cost of conventional WWTPs (Zhou et al. 2014).
Incineration, landfilling and land application are the most commonly used disposal options. 
Dewatering is a crucial step in sludge treatment before final disposal, since it reduces the 
volume and hence transporting and total costs. It is thus a major concern in sludge treatment 
technology (Christensen et al. 2015; Zhou et al. 2014).Conventional biological and 
physicochemical methods for sludge treatment require high energy consumption and long 
retention times, and their efficiencies are limited. On the other hand, Advanced Oxidation 
Processes (AOPs), based on the formation of the strong oxidant, hydroxide radical (•OH), 
have attracted great attention as treatment alternatives for sludge conditioning, as they possess 
the capability of degrading extracellular polymeric substances and disrupting sludge flocs for 
settleability and dewatering improvement (Pilli et al. 2015; Zhou et al. 2014). Amidst AOPs, 
electrochemical methods (EAOPs) have shown multiple advantages in the treatment of 
wastewater from many different sources, including pharmaceutical, dye-stuff, landfill 
leachate, agricultural and so on (Moreira et al. 2017; Martínez-Huitle et al. 2015). These 
environmentally friendly processes are characterized by the in-situ electrochemical generation 
of the oxidants and the lack of secondary sludge formation. Moreover, they operate at mild 
conditions and can economically compete with chemical AOPs (Cañizares et al. 2009). The 
electro-Fenton process (EF) is one of the most widespread technologies, which relies on the 
generation of •OH in the bulk solution by means of the Fenton’s reaction (Eq. 4), that is 
promoted by the cathodic production of the Fenton’s reagent (H2O2 and Fe2+) in acidic 



solutions containing catalytic amounts of Fe2+ ions, according to Eq. 1 and 2 (Moreira et al.
2017; Brillas et al. 2009). In some applications, the use of an iron anode during EF provides 
the Fe2+ ions required for the Fenton’s reaction, which accumulate in the solution during the 
electrolysis (Daghrir & Drogui 2013). Carbonaceous electrodes such as carbon felt, gas 
diffusion electrodes, carbon fibers, carbon sponge, graphene, among others, are the preferred 
cathode materials for EF (Brillas et al. 2009). In addition, the efficiency of the EF process can 
be enhanced when it is coupled with anodic oxidation (AO) by using a powerful boron-doped 
diamond (BDD) anode. Thereby, •OH are homogeneously (Eq. 3) and heterogeneously (Eq. 4) 
produced (Sopaj et al. 2016).  

O2 + 2H+ + 2e-
2O2 (1) 

Fe3+ + e- 2+ (2) 
H2O2 + Fe2+ 3+ + •OH  + OH-  (3) 
BDD + H2

•OH) + H+ + e-  (4) 

Undoubtedly, electrochemical technologies represent potential options for wastewater 
treatment at industrial scale and in decentralized systems. In this sense, despite not being 
considered as an EAOP, electrocoagulation (EC) is a powerful technique that has found 
diverse applications for the treatment of highly polluted industrial wastewater and as part of a 
treatment train (An et al. 2017). The electrochemical production of the coagulants (aluminum 
or iron oxyhydroxides) from a sacrificial anode promotes contaminants agglomeration and 
precipitation. EC has also been coupled to the chemical Fenton process by addition of H2O2,
promoting an oxidative environment which favors the degradation of organic substances, the 
so-called “electrochemical peroxidation” (ECP) (Moreira et al. 2017; Brillas et al. 2009). As a 
matter of fact, some electrochemical methods have been applied to sludge dewatering and 
stabilization. However, results have not been conclusive and the removal of organic matter 
has remained low (Curteanu et al. 2014; Bureau et al. 2012). 

In this context, the present work presents a sequential treatment strategy based on 
electrochemical technologies for the remediation of anaerobic sludge. In the first step, sludge 
conditioning and stabilization was assessed by means of electrocoagulation (EC) with iron 
electrodes. Optimization of the process was made in terms of the cathode material (iron and 
graphite) and in the presence or absence of H2O2. In the second step, H2O2-assisted 
electrocoagulation (ECP) with iron electrodes was selected as the conditioning and stabilising 
method and the operating parameters were optimized (initial pH, [Fe2+]/[H2O2] dose ratio and 
current). Finally, the EF process (BDD/carbon brush cell configuration) was used to achieve 
complete mineralization of the remaining organic fraction in the filtrate. Our goal is to present 
electrochemical technology as a sustainable solution for sludge remediation through a two-
step integrated process. An economic assessment is finally presented.

MATERIALS AND METHODS 
Sample collection and characteristics.

The sample came from a poultry farm in Singapore, which generates approximately 150 tons 
per day of anaerobic sludge; this sludge requiring proper attention before disposal. It contains 
very high Chemical Oxygen Demand (COD) and total suspended solid (TSS), which is far 
from reaching the National Environmental Agency (NEA) sewer discharge standards. The 
samples were collected and stored in polypropylene containers at 4 oC. The chemical 
characterization of the raw sample is presented in Table 1.



Table 1. Chemical composition of the anaerobic sludge with the NEA permissive discharge 
levels.

Parameters Values Discharge limit 
(public sewer)* 

Discharge limit 
(watercourse)* 

pH 7.8 - 8.2 6 – 9 6 – 9

COD (mg L-1) 25800 600 100

BOD5 (mg L-1) 4000 400 50

TOC (mg L-1) 5405 - -

TSS (mg L-1) 29300 400 50

TDS (mg L-1) 9400 3000 2000

P-PO4 (mg L-1) 6800 - 5

N-NH4 (mg L-1) 4730 - -

N-NO3 (mg L-1) 800 - -

Total N (mg L-1) 4527 - -

Fe (mg L-1) 8.08 50 20

*Source: National Environmental Agency, Singapore

Experimental setup.

Due to the complex nature of the sample, a conditioning step was done before each 
experiment based on preliminary tests (data not shown). K2SO4 0.1 M was added as 
supporting electrolyte andthe pH was adjusted to a value of 5 using H2SO4 in order to 
promote hydrolysis of the cell polymeric substances. All the experiments consisted of
conducted in a batch glass electrolytic reactor with 0.5 L capacity, powered by a HAMEG 
7042-5 power supply (Germany). For the EC and ECP trials, both anode and cathode were 
pure Fe plates with dimensions 5 x 6.5 x 0.5 cm. The gap between the electrodes was fixed at 
4 cm. The working volume was 400 mL and the experiments were conducted at room 
temperature with constant stirring at 500 rpm. For ECP experiments, H2O2 (30% w/w) was 
manually added at a fixed time interval of 10 minutes for the first hour and 15 minutes for the 
second hour. The pH of the treated sample was adjusted to 9 at the end of treatment in order 
to promote the precipitation of Fe(OH)3. The treated effluent was filtered with vacuum to 
separate the filtrate from the solid sludge. The sludge was dried in an oven at 55oC overnight 
for further analysis. 175 mL of the filtrate were recovered and acidified to pH 3 before EF 
treatment. For EF, a BDD anode (15 x 2.5 x 0.1 cm) and a carbon brush cathode were utilized.

Analytical methods

COD, phosphate (P-PO4), nitrite (N-NO2), nitrate (N-NO3) and ammonium (N-NH4)
concentrations were determined with colorimetric standard methods using HACH vials tests. 
Total Organic Carbon (TOC) and Total Nitrogen (TN) were determined using a Shimadzu 
TOC-V CSH analyser. Biochemical oxygen demand at 5 days (BOD5) was determined by 
respirometric method using an OxiTop® control system (WTW GmbH, Germany). TSS 
content was measured using a standard method (American Public Health Association, 1999).
The efficiency of treatment was analysed based on the respective TSS, COD and TOC
removal efficiencies. For the ECP experiments, the samples were analysed after they settled 
down for one hour. The pH was measured with a VWR pHenomenal MU 6100H pH-meter. 
For most EC-based experiments, the pH of the sample increased from 5 to 8. Determination of 
iron was carried out by inductively coupled plasma optical emission spectrometry (ICP-OES,
PerkinElmer, America).  



Cost calculation 

For feasibility evaluation, an economic analysis was made taking into consideration the costs 
associated to the chemical consumption, energy consumption, and cost of sludge disposal. 
The energy consumption was calculated based on Eq. 5, where Ecell is the applied voltage (V), 
I is the current (A), t is the experiment duration (h) and Vs is the sample volume (L).  

Energy consumption (kWh L-1) = (EcellIt/1000Vs) (5) 

In accordance with Singapore Power (SP) 2017 tariffs, the energy price was estimated at S$ 
0.16 kWh. For the chemicals, H2SO4 (96% w/w) was evaluated at S$ 0.2 kg-1 and KOH at S$ 
0.2 kg-1. The electrolyte K2SO4 was estimated at S$ 0.2 kg-1, while H2O2 (30% w/w) 
accounted for S$ 0.4/kg. Disposal costs for dehydrated sludge, including transportation and 
charges for waste disposal, were evaluated at S$ 0.1 kg-1 of wet dehydrated sludge by 
assuming that these residues were not considered hazardous material (National Environment 
Agency SG). The total cost (S$ L-1 sample) was calculated according to Eq. 6: 

Total Cost S$ L-1 sludge = (6) 

RESULTS AND DISCUSSION
Conditioning and stabilization: preliminary tests

The primary objective of the present part was to investigate the best strategy for sludge 
conditioning, aiming at disrupting the floc structure of the sludge. For this purpose, EC with 
Fe anode was used as the basis for the treatment. Three experimental strategies were explored: 
i) EC with both iron electrodes, ii) EF using a graphite cathode and iii) ECP with iron
electrodes and external addition of H2O2. The electrolyses were performed at 500 mA
(corresponding to 15.4 mA cm-2) and the efficiency was evaluated in terms of TSS, COD and
TOC removal and results are presented in Fig. 1.

Fig. 1. Removal efficiency of preliminary experiments. Experimental conditions: V = 400 
mL, pH = 5, Na2SO4 = 0.1 M, i = 500 mA, 2 h-treatment. For EC, two iron plates were used 
as electrodes. For EF, iron anode and graphite cathode. For ECP (iron electrodes), H2O2 was 
progressively added during the treatment. 

The results showed limited TSS, COD and TOC removal efficiencies by EC or EF, while the 
best performance was achieved by means of ECP (68, 74 and 69% of TSS, COD and TOC 
removal efficiency, respectively). These results can be explained in terms of the complexity of 
the sludge sample (high content of organic matter and suspended solids, and low filterability). 
In the case of EC, the coagulation process promoted by the electrochemical release of 



Fe2+/Fe3+ ions was not efficient enough to disrupt the polymeric material and induce proper 
coagulation. For EF (Fe anode and graphite cathode), two issues were encountered: first, the 
electrochemical production of H2O2 on the surface of graphite was not sufficient for the 
constant production of •OH via the Fenton’s reaction (Eq. 3) and second, the rate of the 
Fenton’s reaction was slow at the operating pH of 5. It is well known that the Fenton’s 
reaction has an optimal operating value of 3 according to Fe3+ ions speciation in solution
(Pignatello et al. 2006). One EF experiment was performed at pH 3 (results not shown) and 
the removal efficiencies were not significantly improved.  Although many studies have 
demonstrated that EF is very efficient in degrading organic matter (Moreira et al. 2017; 
Brillas & Martínez-Huitle 2015), its direct application to a highly contaminated anaerobic 
sludge waste in this investigation did not give satisfactory results.  

The external addition of H2O2 in ECP (1:5 [Fe2+]/[H2O2] ratio, calculated from the 
theoretical amount of iron released from the anode according to Faraday’s law, m = ItMw/nF)
significantly enhanced the removal efficiencies, dramatically improving EC performance. In 
fact, H2O2 promoted the Fenton’s reaction for the production of •OH, which contributed to 
the oxidation of the organic material, ultimately provoking disintegration of the sludge flocs, 
releasing free water and exposing cellular material to further oxidative attack. In this way 
sludge conditioning and stabilization was effectuated by a combined coagulation/Fenton’s 
oxidation process. The control experiment with H2O2 addition without application of external 
current evidenced the low oxidative power of H2O2 in the absence of Fe2+ ions: TSS, COD 
and TOC were only removed by 32%, 11% and 18%, respectively. The inset panel in Fig. 1
depicts the visual appearance of the samples throughout the experimental period.

ECP optimization

Taking into account the preliminary experiments, ECP was selected as the conditioning and 
stabilizing method. Accordingly, the process was optimized with relation to the main 
parameters affecting its performance, namely: pH, current and [Fe2+]/[H2O2] ratio.  

Current density is a key operating parameter affecting the performance of electrochemical 
processes since it controls the rate of the electrochemical reactions taking place. In the case of 
EC and related processes, it is particularly important because, according to the Faraday’s law,
current is directly linked to the production of Fe2+ ions, whose precipitation as Fe(OH)3
determine the coagulation efficiency. Furthermore, when H2O2 is used (ECP), the amount of
dissolved Fe2+ also determines the chemical production of •OH (Eq. 3). Thus, the performance 
of ECP was investigated at different current values (100 mA, 500 mA and 1000 mA) with 
initial pH 5 and [Fe2+]/[H2O2] ratio of 1:5. Results are presented in Fig. 2, showing that the 
removal efficiency increased as the current increased from 100 mA to 500 mA, with the latter 
value giving the best TSS, COD and TOC removal efficiencies (68%. 74% and 69% 
respectively).  This behaviour can be explained in terms of the amount of Fe2+/Fe3+ ions 
produced during the electrolysis, which increased with current density. Thus, an increase in 
both coagulant dose and Fe2+/Fe3+ free ions, resulted in a better coagulation/oxidation ECP 
process. On the contrary, the application of higher current values (1000 mA) did not help 
further increase the removal efficiency, which can be ascribed to: i) H2O2 ‘s higher tendency 
to oxidize to O2 at high current as shown in reaction 7 and 8 and most importantly ii) an 
excess of Fe2+ ions that promoted the competitive waste reactions 9 and 10, consuming •OH.
Moreover, the rise in current density (and in the applied potential consequently) entails heat 
generation and higher energy consumption, thus, the current density shouldn’t be increased to 
very high values to prevent such adverse effects (the optimal value was 500 mA). 

H2O2 HO2
• + H+ + e (7) 

HO2
•  O2 + H+ + e-    (8)



Fe2+ + •OH 3+ + HO-   (9) 
Fe3+ + H2O2

2+ + HO2
• + H+ (10) 

Fig. 2. Effect of current on the TSS, COD and TOC removal efficiency at pH 5 and 1:5 
[Fe2+]/[H2O2] ratio. ECP with iron plate electrodes. V = 400 mL, Na2SO4 = 0.1 M, 2 h-
treatment.

The pH plays a fundamental role in ECP as it affects iron solubility, complexation and redox 
cycling between Fe2+ and Fe3+ ions (Brillas et al. 2009; Yahiaoui et al. 2011). To examine the 
effect of pH on the treatment of anaerobic sludge, a series of experiments with pH ranging 
from 3 to 8 (with 8 being the initial pH of the sludge sample) were conducted under 500 mA 
of current and a [Fe2+]/[H2O2] ratio of 1:5. The results (Fig. 4) showed that ECP displayed the 
best efficiencies under slightly acidic condition (pH 5) with 68%, 74% and 69% of TSS, COD 
and TOC removal efficiency, respectively. Even though Fenton-based processes generally 
operate optimally in acidic medium (pH between 2 and 4), during ECP, the efficiency of the 
Fenton’s reaction is coupled to the coagulation process, whose optimal pH value is found 
between 5-8 due to Fe(OH)3 formation (Lakshmanan et al. 2009). Accordingly, the 
performance is governed by a compromise between electrocoagulation and Fenton’s 
oxidation. In this way, under acid conditions, coagulation efficiency dropped, dramatically 
impacting ECP performance. On the other hand, at high pH values (pH 8), the rate of the 
Fenton’s reaction was significantly diminished as ferric hydroxide precipitated, hence 
hindering the production of •OH. Additionally, at higher pH, the scavenging of •OH by 
carbonate species (CO3

2-\HCO3
-) is another factor that led to a decrease in the removal 

efficiency (Pignatello et al. 2006). The optimal pH value of 5 favoured both coagulation and 
Fenton’s oxidation, ensuring enough Fe2+ ions for H2O2 decomposition via the Fenton’s 
reaction, while a progressive increase of the pH during the electrolysis assisted the 
coagulation process.  



Fig. 3. Effect of pH on the TSS, COD and TOC removal efficiencies at 500 mA and 1:5 
[Fe2+]/[H2O2] ratio. ECP with iron plate electrodes. V = 400 mL, Na2SO4 = 0.1 M, 2 h-
treatment. 

The concentration of H2O2 plays a crucial role in ECP because •OH concentration is directly 
dependent upon Fe2+ and H2O2 concentration. In general, the efficiency increases as the 
[Fe2+]/[H2O2] ratio rises, but the optimal ratio depends on the characteristics of the treated 
effluent (Pilli et al. 2015; Moussavi & Aghanejad 2014). The effect of H2O2 concentration 
([Fe2+]/[H2O2] ratio of 1:1, 1:5 and 1:10) was evaluated under 500 mA of current and pH 5. 
According to the results (data not shown), the removal efficiency did not change significantly 
at these three ratios. This behaviour can be ascribed to an excess of H2O2 concentration: on 
the one hand, the waste reaction of H2O2 with •OH (Eq. 11) was promoted by high contents of 
H2O2. On the other hand, at a concentration higher than the optimum value, H2O2 self-
decomposed to H2O and O2 as shown in Eq. 12, leading to less •OH production. The 1:5 
[Fe2+]/[H2O2] ratio was chosen as the optimal value because of the properties of the solid 
sludge obtained at the end of the 2 h treatment, which presented better filterability and 
settleability properties as compared to the sludge produced with the 1:1 ratio.  

H2O2 + •
2

• + H2O (11) 
2H2O2 2 + H2O  (12) 

After 2 h of ECP treatment under optimal conditions (pH 5, 500 mA of current and 
[Fe2+]/[H2O2] ratio of 1:5), a sludge cake with good settleability was obtained.  The treated 
sludge was vacuum-filtered and further analysed. Table 2 shows the chemical composition of 
the dry dewatered sludge. It can be seen that it contains an important amount or organic 
carbon, P-PO4, N-NH4 and NO3

-, which confer it fertilizing properties. As expected, Fe was 
significantly present in the sludge with a concentration of 70.58 mg L-1.

Table 2. Chemical composition of ECP dry sludge after treatment.
Fe TVSS N-NH4 N-NO3- P-PO4 TC

mg L-1 70.58 0.54 7.00 8.00 100 14.67

EF post-treatment

ECP alone was able to achieve TSS, COD and TOC removal efficiencies of 89%, 85% and 67 
% respectively. However, the liquid sample still contained a high concentration of COD and 
TOC. Accordingly, the remaining filtrate after dewatering was further treated by means of EF 
using a BDD anode and a carbon brush cathode. The aim was to make use of the outstanding 
EF capacity to mineralize organic pollutants, as stated in many previous studies (Lin et al.
2017; Mousset et al. 2016; Olvera-Vargas et al. 2014). Based on previous research, the 



electrolysis was performed at 500 mA (13.3 mA cm-2 with respect to the anode) and pH 3 
(Olvera-Vargas, Oturan, et al., 2014; Mousset, Wang, et al., 2016). The Fenton’s reaction was 
catalysed by the remnant amount of Fe2+/Fe3+ ions form the ECP process (7.35 mg L-1).  The 
evolution of COD and TOC during the sequential ECP-EF treatment are presented in Fig. 4.
As expected, during EF the concentration of organic matter decreased with time due to the 
oxidative attack of •OH formed i) homogeneously through the Fenton’s reaction (Eq. 3) and 
ii) heterogeneously on the BDD surface according to Eq. 4.

The remaining COD and TOC content after ECP was reduced by 90% and 63%, respectively, 
following 4 h of EF treatment, reaching a COD content only slightly higher than the 
Singaporean standard limit for discharge into watercourse and recreation purposes (100 mg L-

1). The BOD5 (120 mg L-1) was below the NEA limit (400 mg L-1). More remarkably, COD 
was reduced to less than 50 mg L-1 after 6 h of treatment, overpassing the NEA watercourse 
discharge limit. It is worth mentioning that the solution became crystal clear after only 2 h of 
EF (cf. inset in Fig. 4). 

Fig. 4. Overall COD and TOC evolution during the sequential ECP-EF process. For ECP: iron 
plate electrodes, V = 400 mL, Na2SO4 = 0.1 M, I = 500 mA, 1:5 [Fe2+]/[H2O2] ratio, pH = 5 
and 2 h-treatment. For EF:  V = 175 mL, Na2SO4 = 0.1 M, I = 500 mA, pH = 3 and 4 h-
treatment. Inset panel: visual evolution of the sludge sample during the overall treatment. 

The cost for the overall ECP-EF treatment was estimated according to the method described
in the materials and methods. The total cost per litre of sludge, including conditioning, ECP, 
precipitation of iron excess, EF post-treatment and final pH adjustment, was estimated to be 
S$ 0.053 L-1, about half of the cost of disposal by incineration. It is important to bear in mind 
that the present strategy contemplates discharge into watercourse and for recreation purposes. 
Furthermore, the solid produced after ECP could be sold as a fertilizer. As observed in Fig. 5,
the chemical cost represents the largest percentage (77%), while power and sludge
management costs occupied the remaining fraction (19% and 4%, respectively). The cost 
break-down for each stage depicted in Fig. 5b indicates that the intermediate operations, 
conditioning and filtration, took up to 12% and 9%, respectively.  



Fig. 5. Cost breakdown for each stage of the sequential treatment (a) and total operational 
costs per category (b). The costs per litres of treated sludge.

CONCLUSIONS
A sequential electrochemical treatment was applied to condition and stabilize anaerobic 
sludge from a poultry farm.  The two-step integrated ECP-EF treatment consisted in: i) 2 h-
ECP at pH 5, current of 500 mA and [Fe2+]/[H2O2] of 1:5, followed by ii) 6 h-EF (at pH 3 and 
500 mA) of the residual filtrate after dewatering. During the ECP stage, the sludge was 
efficiently destabilized and conditioned by the synergistic effects of electrocoagulation and 
the Fenton’s reaction, which resulted in production of a dewatered sludge with good settling 
and filterability properties. The filtrate after dewatering was subjected to EF, during which the 
excess of organic matter was efficiently oxidized by means of •OH. The produced effluents 
after 2 h of ECP and 4 h of EF were able to reach the NEA sewer discharge standards in terms 
of COD (600 and 180 mg L-1, respectively), BOD5 (400 and 130 mg L-1, respectively) and 
TSS (400 and 50 mg L-1, respectively). Furthermore, following 6 h of EF, the effluent reached
the COD watercourse discharge limit of 50 mg L-1 of COD. The total energy consumption 
was 0.0634kWh L-1 sludge, while the estimated total operational cost for the treatment was S$ 
0.053 L-1 sludge. In conclusion, electrochemical technology is presented as a sustainable 
potential alternative for sludge remediation through this two-step integrated ECP-EF process.
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Introduction
Anaerobic membrane reactor (AnMBR) technology has been postulated as a good strategy for
treating medium-high strength wastewaters (WWs) keeping high chemical oxygen demand
(COD) removal efficiencies and good methane production even at very low HRTs. However,
the start-up of these reactors, especially when dealing with domestic wastewater with
relatively low temperatures and low COD concentrations, have been proved to be long. The 
aim of this study was to assess the effect that different temperatures, wastewater
concentrations and inoculum-substrate (I/S) ratios have on the methane production potential 
of an anaerobic sludge. This work is conducted within the scope of a project that aims at
obtaining reused water from sewer mining via a forward osmosis process and energy in the 
form of methane from the anaerobic treatment of the concentrate produced in the FO process. 
This information will be very useful for the start-up of an AnMBR treating the concentrate
solution produced during the forward osmosis (FO) process.  

Material and methods
Two different sets of experiments were conducted. The first one aimed at evaluating the 
efficiency of anaerobic digestion (AD) of WW at 3 different temperatures (37 ºC , 23ºC and
15 ºC) using the same I/S ratio (2.0) and 3 substrate COD concentration, representing 8, 4 and 
2 times the COD concentration factors of a FO process treating medium strength WW with a
90%, 80% and 45% water recovery respectively (Ansari et al., 2015). In the second set of
tests the effect of different I/S ratio (1.0, 1.5, 2.0 and 2.5) during the WW anaerobic 
degradation was evaluated.Tests were performed in 250 mL serum bottles. Inoculum was 
taken from a mesophilic anaerobic digester operating at 37 ºC and treating a mixture of
primary and waste activated sludge from a local wastewater treatment plant. The average 
inoculum composition was 15.08 g COD/L, 13.7 g ST/L (58%VS) and pH was equal to 7.42.
Experimental conditions are shown in Table 1. To reach target substrate COD concentrations, 
a synthetic FO concentrate solution (SYNTHES) (Aiyuk & Verstraete, 2004) was used as
substrate. For each I/S ratio and temperature, 2 blanks were prepared to verify the residual
biogas production of the inoculum. Bottles were flushed with 100% N2 gas for 1 min, sealed
with a rubber stopper retained with a plastic top and stored on an orbital shaker that was
placed in a temperature controlled incubator. Biogas production was determined with the 
pressure transducer technique and the percentage of methane in the biogas with a gas detector
(GIR-3000, GasTech). The maximum specific methanogenic activity (SMA) was calculated
dividing the CH4 produced in grams of COD (considering the theoretical conversion of 0.35L 
CH4/gram COD) with the product of the volatile solids (VS) present in the inoculum and the 
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days of the interval of time considered. The specific methanogenic production was calculated 
by dividing the cumulated CH4 produced (mL CH4) with the COD initially present in the 
substrate. Dissolved CH4 was determined at the end of the experiment through gas 
chromatography.

Results and discussion
The main results obtained are shown in Table 1 and Figure 1. The first set of experiments (Set 
1) showed that lower temperatures lead to lower methane yield, lower maximum
methanogenic activity and higher lag phases; same I/S ratio and substrate with lower COD
concentrations led to lower COD conversion to CH4 and lower maximum SMA. Results from
Set 2 showed that decreasing the I/S ratio fosters the biometanization of WW, indeed lowering
the I/S from 2 to 1, implied an increase in the SMA and COD conversion to CH4 of 90% and
40% respectively.
Table 1. Experimental conditions applied in each experiment and main results obtained

Set 1 Set 2 

Substrate COD (gCOD/L) 3.44 3.44 3.44 1.72 1.72 1.72 0.86 0.86 0.86 3.77 2.51 1.89 1.51

I/S ratio 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 1.0 1.5 2.0 2.5

Temperature (ºC) 37 23 15 37 23 15 37 23 15 37 37 37 37

COD convertion to CH4 (%) 46±1 24±0 15±2 36±4 11±2 6±1 15±4 4±0 1±0 43±2 39±3 31±3 30±3

SMA (g COD/d/kgVS) 90 35 8 73 11 2 14 3 <1 136 102 71 50 

Period max SMA (d) 2-5 8-11 23-33 1-3 6-8 17-22 1-3 6-8 17-22 2-5 2-5 2-5 2-5 
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Figure 1. SMP from Set 1 and Set 2. 
Conclusions 

Increasing temperatures accelerate WW biodegradation and shorten the period of max
SMA.
Increasing organic loads keeping the I/S ratio constant implies an increase in the
biomethane production and methanogenic activity.
Increasing organic loads lead to increasing WW biomethanization.
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Introduction

Domestic greywater (GW) reuse may serve as an alternative source of increasing available 
water supply while conserving freshwater resources. GW is usually treated onsite, hence, small 
footprint and low operation and maintenance costs (e.g. low energy and chemicals 
consumption) of the treatment systems are important (Lin et al., 2005; Elazzouzi et al., 2017). 
In recent years, electrocoagulation (ELC) has been proposed as an effective method for 
wastewater treatment. In ELC the coagulant is generated in situ by electrolytic oxidation of the 
anode, commonly being aluminium (Al) or iron (Fe). The dissolution of the anode followed by 
hydrolysis of Al or Fe hydroxides destabilize and aggregate colloid particles making their 
subsequent removal more efficient. Since the electrodes dissolve they should be replaced
periodically, however, it is a simpler operation as compared with supplying, storing and dosing 
chemicals in conventional coagulation. ELC equipment and operation are relatively simple. In 
addition, flocs formed by ELC tend to be larger than flocs formed by chemical coagulation,
contain less bound water, are more stable, and therefore, can be separated faster by 
sedimentation / filtration (Mollah et al., 2001).  

This research studies ELC as a pre- or post- treatment of other GW treatment process. ELC was 
tested on two types of GW: office building GW originating mainly from washbasins in 
restrooms (Friedler and Alfiya, 2010), and mixed domestic GW (showers and washbasins) from 
married students accommodation in the Technion campus (Gilboa and Friedler, 2008). 

Materials and Methods

The effects of pH (5-7) and electrical current (0.5-1.5 A) on ELC was studied using Al and Fe 
anodes. In this stage synthetic GW was used (having constant chemical composition), prepared 
based on data from the literature (Oschmann et al., 2005; Fenner and Komvuschara, 2005).
Then, the process was applied on the abovementioned two types of GW (domestic and office 
building) in batch experiments followed by continuous ones. ELC efficiency was assessed by 
measuring the removal of the following parameters: turbidity, UV254nm absorbance, COD, 
methylene blue active substances (MBAS; a measure of anionic detergents), and total 
phosphorus (TP). 

Results and Discussion

The main results showed: (i) both Al and Fe anodes were efficient in turbidity removal, but the 
time needed from the Fe electrode for optimal turbidity removal (93-97%) was significantly 
longer for 0.5 A (Fig. 1). In addition, the optimal initial pH value for all pollutants removal was 
about 7 while pH 5 was less favorable, apart from phosphorus, which exhibited high removal
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rate for all examined pH values. (ii) At neutral pH range, which is typical to greywater, the Fe 
anode was more efficient than Al anode (iii) High efficiency of pollutants removal was obtained 
also in the continuous experiments, performed on the two types of real GW (Fig. 2).

Figure 1. Electrocoagulation of synthetic GW with Al and Fe anodes - Turbidity removal and optimal time 
at different pH values (5, 7, 8) and three electrical currents (0.5, 1 and 1.5 A)
Removal efficiency – lines; Optimal time (time needed to reach the highest removal efficiency) - shapes

Figure 2. Electrocoagulation of real GW (domestic, office building) – Pollutants removal efficiencies and 
optimal time from continuous experiments (Fe anode; electrical currents 1 and 1.5 A) 
Removal efficiency – bars; Optimal time (time needed to reach the highest removal efficiency) - lines
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Abstract – 200 words
Greywater (GW) reuse can reduce domestic water consumption, however, it must be treated 
and disinfected for safe reuse. This research studied the efficiency of chlorine disinfection of 
GW under a range of total suspended solids (TSS; 3.9-233 mg/l) and organic matter (1-107 
mg/l), represented by 5-d biochemical oxygen demand (BOD5) concentrations in batch and 
flow-through setups. In addition, a multiple linear regression (MLR) model was developed 
for predicting the impact of TSS, BOD5 and residual chlorine on chlorine disinfection 
efficiency. Inactivation of 3 to 5 logs of faecal coliforms (FC) was demonstrated in both batch 
and flow-through experiments. Presence of TSS and BOD5 reduced chlorine efficiency to 
inactivate FC, yet, the negative impact of TSS was more pronounced in both setups. The 
MLR model developed based on the batch results (p<0.0001; R2=0.76) was verified 
successfully against results of treated GW disinfected by the flow-through chlorination 
(p<0.0001; R2=0.6). It is therefore postulated that the required residual chlorine concentration 
needed in an on-site flow-through reactor can be predicted using the model, given the initial 
FC concentration, BOD5, TSS and the required final FC concentration of the GW to be 
disinfected. This approach is valuable from both operational and research perspectives. 

Keywords: BOD; suspended solids, chlorination, greywater, chlorine tablet, chlorine flow-
through chamber 

INTRODUCTION
Reuse of greywater (GW; domestic wastewater excluding toilet water) for none potable uses, such 
as garden irrigation, has a potential to reduce domestic water consumption and thus to alleviate
stress on depleted water resources while reducing water costs for residents (Maimon et al., 2010).
However, untreated GW contains pathogens and other pollutants and might pose environmental 
and health risks if used without treatment and disinfection (March and & Gual, 2009; USEPA,
2002). Chlorination and UV irradiation are probably the most widely used disinfection methods in 
small, onsite GW systems (Gross et al., 2015).

Chlorine is reliable and effective against a wide spectrum of pathogenic organisms and is 
considered as more cost-effective than other common disinfectants, such as UV radiation or ozone 
(USEPA, 2002; Leverenz et al., 2007). In addition, chlorine residual remains in the effluent after 
application, ensuring continued disinfection along the conveyance system and reducing potential 
regrowth (Friedler et al., 2006, 2011). Furthermore, chlorine-dosing is flexible and can be
controlled by simple, low-cost devices. Nonetheless, chlorine is toxic and corrosive thus, its 
storage, shipping, handling and application should be done responsibly. 

Efficient application of disinfection agent should take into consideration the required dose, which 
can be achieved by varying the chlorine concentration and the disinfection contact time. The
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required dose varies based on chlorine demand (wastewater characteristics) and chlorine residual 
requirements. According to the WHO guidelines (2006) the residual concentration of free chlorine
should be . 

Dissolved and suspended organic matter is oxidized by chlorine and therefore increases chlorine 
demand and reduces the overall efficiency of disinfection, hence, it is recommended that organic 
matter concentration is minimized before the treated effluent is disinfected (USEPA, 2002). Total 
suspended solids (TSS) reduce chlorination efficiency also by physically “shielding” 
microorganisms attached to it and thus reduce the chance for efficient contact between the 
microorganism and chlorine compared to non-attached bacteria (Bohrerova and Linden, 2006; 
Winward et al., 2008). More so, presence of organic matter might further reduce chlorine 
disinfection efficiency by stabilization of microbial cell membranes (Virto et al., 2005). Winward 
et al. (2008) who examined the impact of organic and particulate matter on chlorine disinfection of 
greywater in a batch system, indicate that the organic matter affected chlorine demand but did not 
affect the resistance of total coliforms to chlorine. Yet, these authors recommended removing the 
organic matter before chlorination for reducing the chlorine demand and the potential for microbial 
regrowth.  

Chlorine can be supplied in several forms: chlorine gas, liquid hypochlorite solutions, and chlorine 
compounds in solid tablets. Solid hypochlorite tablets, stored in a flow-through chamber and liquid 
hypochlorite solutions, are the most common forms of chlorination in small treatment systems, 
since they are less hazardous than gaseous chlorine. Liquid chlorine application is accurate but 
requires the use of acids and operation of a dosing pump thus, less safe and more complex then use 
of tablets. Chlorine tablets are the simplest to handle, but are less controllable for accurate dosing 
of the chlorine which is affected by flow rate and tablet condition (i.e. new vs. used) (Leverenz et 
al. 2007; Park et al., 2016). The uniformity of application of chlorine tablets is beyond the scope 
of this study, yet several companies claim to have accurate dosing devices for chlorine tablets. 
Moreover, as discussed below, results from the current study did not vary much over time for a 
certain GW quality. 

Interestingly, there is no systematic information on the impact of organic matter and suspended 
solids on chlorine disinfection in both batch and flow-through disinfection units. The objectives of 
this study were to test the efficiency of chlorine disinfection of GW under a range of TSS and 
BOD5 concentrations by preforming chlorination at batch and flow-through setups. In addition, the 
study aimed to develop a regression model for predicting the impact of TSS and BOD5 on chlorine 
disinfection efficiency in both setups.  

MATERIALS AND METHODS
The research was executed in two phases. Initially, treated GW samples varying in their TSS and
BOD5 concentrations were disinfected in a batch setup by hypochlorite solution. The results
obtained were used for developing a multiple linear regression model. In the second phase, treated
GW from full-scale onsite treatment systems (described below), was disinfected in a flow-through 
disinfection unit using chlorine tablets. The applicability of the model developed was verified on
the results of the flow-through experiments.

Batch chlorination experiment
GW samples. Pre-disinfected treated GW samples (10 L each) from 11 full-scale onsite treatment 
systems from single-family homes (constructed and operated by the tenants themselves),
were
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collected and analyzed for fecal coliforms (FC), TSS and BOD5 (Table 1). Subsamples were 
disinfected in a batch mode. Initially, chlorine demand of the subsamples was determined. For that, 
aliquots of 25 ml were exposed to four different chlorine doses of 0.5, 1, 3 and 6 mg/l. After 1 h,
the residual total and free chlorine were determined by the DPD method (APHA, 2012). 

Table 1. Quality of pre-disinfected treated GW from 11 onsite treatment systems that was used in 
the batch experiment. Each site was sampled 4 times (n = 44 samples).  

Parameter 1 Range Average Median 
TSS (mg/l) 3.9-233 38 15
Dissolved BOD (mg/l) 1- 107 41 37
Turbidity (NTU) 1.47-512 87 18
FC (CFU/100ml) <1-106 105 105

1. All analyses were performed according to APHA (2012)

Multiple linear regression (MLR) model. The laboratory results were used for developing an MLR 
model. The parameters chosen for the model (TSS, BOD5, residual chlorine and log FC 
concentrations in the GW before disinfection) were those expected to significantly affect 
disinfection efficiency.  

Flow-through chamber
GW samples. Treated domestic GW (1 L)
from six single-family full-scale 
recirculating vertical flow constructed 
wetland (RVFCW) systems located in
Israel’s Central Negev Desert were collected 
at least 4 times and immediately brought to 
the laboratory where subsamples were 
analyzed as described below. Briefly, the 
RVFCW system consisted of two 500 L 
plastic containers (1.0 m×1.0 m×0.5 m) 
placed one above the other. The upper one 
held a planted three-layered bed, consisting 
of a 5 cm upper layer of woodchips followed 
by a 35 cm tuff gravel and a 10 cm lower layer of limestone pebbles. The lower container
functioned as a reservoir. GW was pumped from a 200 L equalization-sedimentation tank and 
applied to the top of the bed, from there it dripped through the bed into the reservoir (the lower 
container) through the perforated bottom of the upper container (Fig. 1). GW was recirculated from 
the reservoir to the top of the upper bed at a rate of about 300 L/h for 8 h after which it was filtered
through 130 m filter and then reused for garden irrigation. Additional details about the system can 
be found elsewhere (Gross et al., 2007; Alfiya et al. 2013).  

TSS and BOD5 of pre-disinfected, partial to fully treated GW from the RVCW on-site systems
ranged from 1-130 mg/l and 3-100 mg/l, respectively and the FC concentration ranged from 104 to
105 CFU/100 ml. The latter was ensured by adding bacteria from untreated GW (107 CFU/100 ml). 
Since the volume added was three orders of magnitude smaller than the treated GW sample, it did 
not significantly affect the quality of the measured parameters.  

Flow-through chamber setup. Chlorination was performed by discharging the treated GW (at a 
predetermined flow rate) via a 500 ml irrigation chamber (Amiad LTD) containing a slow release

Figure 1. Schematic of the onsite recirculating 
vertical flow constructed wetlands (RVFCW) 
GW treatment system (After Alfiya et al., 2013) 

GW collection 
/sedimentation  
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HTH tablet (High Test Hypochlorite; 70% available chlorine). A single 
chlorine tablet was placed in the he flow-through chamber, and was designed
to dissolve slowly as water flows through the chamber according to the 
determined contact time. The chamber was connected at both ends to tubes
(Fig. 2); the input tube was connected to an aquarium submerged pump 
(Atman, model AT 102) that regulated the input flow to 8 l/min, mimicking 
typical rates in regular garden systems. In other words, each sample of treated 
GW was exposed to the same contact time, although the quality of the treated 
GW was quite different, and thus there could be large variability in the 
required chlorine dose. Chlorinated samples were collected from the outlet 
tube. Sub-samples were analysed before and after disinfection for TSS, 
BOD5, FC and total residual chlorine (after disinfection). Disinfection efficiency was determined 
by calculating the log inactivation of FC.

RESULTS AND DISCUSSION

Batch chlorination experiment
As expected, presence of TSS and organic matter reduced chlorine efficiency of removing FC and 
was more pronounced for the lower initial chlorine concentrations used such as 0.5 and 1 mg/l. For 
example, disinfection efficiency at TSS and BOD5 concentrations of 15 and 50 mg/l (respectively) 
was 2 and 1.5 order of magnitude higher at chlorine dose of 6 mg/l than at doses of 0.5 and 1 mg/l, 
respectively. The reduction in the efficiency of chlorine disinfection when TSS increased, was 
much more pronounced than the efficiency reduction when BOD5 concentrations were higher (Fig. 
3). Moreover, the negative effect of TSS started already at low concentrations and increased 
consistently with increasing TSS concentrations across all the concentrations range tested. On the 
other hand, the negative effect of BOD5 on FC inactivation was observed only when its 
concentration was higher than 50 mg/l. 

The total residual chlorine, measured 0.5 h after its application ranged between 0.21 and 1.86 mg/l 
(Table 2- phase 1); mostly within the acceptable levels for reuse (minimum of 0.5 or 1 mg/l,
dependent on intended use; Halperin and Aloni, 2003, WHO 2006). In addition, 3-log inactivation 
of FC was obtained on average, while FC was not detected at 60% of the samples. 

Table 2. Performance of the chlorination disinfection systems- batch and flow-through 

Phase 1 Phase 2
Batch chlorination Flow-through chlorine chamber

Total chlorine residual
(mg/l)

Average 1.0 (±0.35) 1.7 (±1.3)
Range
Median 

0.21-1.86
1.0

0.5-5.8
1.3

FC Log inactivation Average 3.0 (±1.45) 3.0 (±0.6)
Range
Median 

0.2-5.5
2.9

1.4-4.3
3.0

Multiple linear regression (MLR) model
The relationship between FC inactivation and TSS, BOD, log FC concentration of the treated GW 
(before disinfection) and the measured total residual chlorine were described by a MLR model (Eq. 
1).

Figure 2. Flow-
through chamber 
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(1) FCinactivation = 1·[BOD5]+ 2·[TSS]+ 3·[log FC raw]+ 4·[residual chlorine]
Where: 
FCinactivation in log(cfu/100ml); BOD5 TSS and residual chlorine in mg/l; log FC raw in 
log(cfu/100ml); 1, 2, 3 and 4 are coefficients estimating the explanatory variables (Table 3). 

All coefficients were established based on the batch disinfection experiments, and the model was 
found to be statistically significant (p<0.0001 and R2= 0.76; Figure 4a). Moreover, all explanatory 
variables were statistically significant indicating that that these chosen variables have significant 
influence on the efficiency of chlorine disinfection (at the examined ranges). 

Other combinations of these variables (including interactions between them) were tested, however 
they did not increase the fit of the model. Therefore, the simplest model is presented. To compare 
the effects of the various explanatory variables on chlorination efficiency the effect size test, which 
is used for assessing the variables effect on a suggested model, was applied. In this test the p-value 
was transformed to the LogWorth (-log10(p-value)), assuming that larger effects lead to more 
significant p-values and larger LogWorth (Table 3).

Figure 3. Log Inactivation of fecal coliforms (FC) as a function of total suspended solids (TSS)
(a); and biochemical oxygen demand (BOD5) concentrations in the GW (b)

The model indicates that initial microbial concentration was the most significant parameter (having 
positive effect) followed by TSS and then BOD5 concentrations, both resulted in a reduction of FC 
inactivation. These results are consistent with established theory and demonstrate the negative 
effect of TSS and BOD5 on chlorine disinfection. Most likely some of the BOD5 and TSS increased 
the chlorine demand as they were oxidized, thus reducing the active chlorine concentration and 
consequently the FC inactivation. In addition, as aforementioned, TSS and BOD5 may affect 
chlorination efficiency by increasing the bacteria resistance due to stabilization of the microbial 
cell membranes (Virto et al., 2005) or due to bacteria attachment to suspended solids (Bohrerova 
and Linden, 2006; Winward et al., 2008). 
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Table 3. THE MLR model coefficients

Explanatory Variable Coefficient Estimate p-value LogWorth
Dissolved BOD (mg/l) 1 -0.016 <0.0001 5.43
TSS(mg/l) 2 -0.013 <0.0001 10.8
Log FC raw (log(CFU/100ml)) 3 0.831 <0.0001 22.8
Residual chlorine (mg/l) 4 0.644 <0.0001 2.83

Figure 4. Predicted vs measured FC inactivation (a) batch setup (b) flow-through chamber 

Flow-through chlorine tablet chamber
FC inactivation of 3-logs on average was obtained for all samples (including the ones with elevated 
TSS and BOD concentrations) and in over 90% of the samples counts were less than 10 cfu/100ml.
Similarly to the batch experiment, the effect of TSS was more pronounced in reducing chlorine 
disinfection efficiency as compared with the one of BOD5 (Fig. 5 maps). As explained above, these
results are consistent with previous findings that suggest that coliforms in GW were associated to
particles and were sheltered by them, thus were resistant to disinfection whereas organic matter
affected chlorine demand but not resistance.

The total residual chlorine in the flow-through system, measured 0.5 h following chlorine 
application ranged between 0.5 to 5.8 mg/l (Table 2- phase 2). Similar to the batch experiment, 
residual chlorine range was within the acceptable levels for unlimited wastewater reuse (Halperin 
and Aloni, 2003; WHO, 2006).

The MLR model, developed based on the batch-phase experiments, was verified on the flow-
through disinfection chamber results and was found to be statistically significant with (p<0.0001;
R2= 0.6; Fig. 4 b). Although the quality of treated GW samples from the two phases was quite 
different, and so were the means of chlorination, the model fitted well and explained most of the 
variability in the measured FC inactivation. This correlation suggest that it would be possible to 
predict the required residual concentration needed in the flow through reactor given the initial FC 
concentration, BOD5, TSS and the required final FC concentration of the water to be disinfected, 
as described in Eq. 2 below. This approach is valuable not only from an operational standpoint, but 
also from a research perspective. 
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(2) [  ] = . [ ] . [ ] [  ].
Controlling the residual chlorine concentration in a flow-through disinfection reactor for a certain 
GW quality would require manipulation of the amount of chlorine (e.g. number of chlorine tablets) 
and the contact time such as by manipulation of the flow rate.  

Figure 5. FC removal in the flow-trough disinfection reactors as a function of TSS and BOD5 in 
GW, for three different scenarios: a. increase of TSS (BOD5 relatively constant); b. Increase of 
BOD5 (TSS relatively constant); c. combined increase of TSS and BOD. 
Total chlorine residual ranged from 0.5 to 5.8 mg/l (average 1.3 mg/l). Percentage of FC removal ranging from 98 to 
100 % with line interval of 0.1. 

CONCLUSIONS 
This study indicates that the efficiency of chlorine disinfection of treated GW decreases as a result 
of increasing TSS and BOD5 concentrations. Both the batch experiment and the flow-through setup 
have shown that dissolved organic matter affect the efficiency of chlorination significantly less 
than TSS, as expresses by much lower LogWorth value. Furthermore, the effect of TSS was 
continuous starting from low concentrations, while the effect of BOD5 became significant only 
above a certain threshold concentration. A multiple linear regression model was developed in a 
batch setup and verified successfully against results of treated GW that were disinfected by a flow-
through chlorine disinfection chamber. It is therefore postulated that the total chlorine residual 
required for on site flow-through chambers can be evaluated based on the model in order to achieve 
the needed disinfection efficiency.  
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Introduction

Tourism water consumption is typically below 5% of domestic water use, but can be as high 
as 40% in certain countries (e.g. Mauritius). Decentralised treatment facilities for water 
re-use, including constructed wetland, could provide environmental benefits and effective 
solutions towards water scarcity mitigation. Different water quality requirements are 
established by national and international regulations. Micropollutants have been rarely 
included in such policies, partially due to the lack of information, and touristic nuclei can 
have a strong impact on water quality (Moreno-Gonzalez et al., 2015). Micropollutant 
removal by means of greywater treatment technologies have been theoretically calculated 
(Revitt et al., 2011) or experimentally performed (Ramprasad and Philip, 2016), but only for 
few selected compounds, not with real greywater or not including touristic infrastructures.

A highly integrated subsurface horizontal flow constructed wetland (VertECO) was designed 
to treat greywater for water reuse purpose. This simulated wetland was observed and long 
term (24 months) validated with real greywater in a large Euro-Mediterranean resort. Several 
micropollutants were included in the research (13 endocrine disrupting compounds, EDCs, 
and 14 pharmaceutical active compounds, PhACs).

Material and Methods

Hotel Samba is a large 3 star resort located in an extremely touristic area (NE, Spain), where 
dramatic water demand increase coincides with water scarcity events during the summer 
months, with reported water from 25,000 to 34,000 m3/year (100-135 L/person/day). 

Fig. 1. Schematic overview of the VertECO unit (left). Demonstration unit at the hotel (right).
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VertECO simulates a wetland ecosystem placed vertically staggered in 4 levels with a 
reduced floor footprint (Figure 1). Plants, mostly swamp and marsh, are cultivated 
hydroponically with coarse expanded clay as root substrate, ambient air pumped into the 
bottom and a permanent comparatively high subsurface water level. The total substrate 
volume is 2 m3. Real hotel greywater (1 up to 1.5 m3 per day) was collected, oxygenated and 
pumped intermittently into the top level. Inflow and outflow samples were evaluated towards 
further uses inside the hotel, like toilet flushing or irrigation. Long term (24 months) analysis 
was performed in terms of standard parameters and micropollutants (EDCs and PhACs). 

Results and Discussion

Very satisfactory pollution abatement in standard water quality parameters was obtained with 
84%, 92% and 95% removal of TOC, COD and BOD5, in compliance with all limits for water 
reuse purposes as determined by Spanish national legislation. The comprehensive and 
constant monitoring of micropollutants showed, though, great yearly and daily variance. The 
differences among seasons and corresponding treatment capabilities were investigated. A
substantial reduction of many PhACs and EDCs was also observed (Figure 2). The removal 
was on average higher than 75% for 10 compounds, intermediate (between 40 and 75%) for 
other 10 and lower than 40% for 7 compounds (bisphenol A, 1-H benzotriazole, atenolol, 
carbamazepine, hydrochlorothiazide, ketoprofen, naproxen). Furthermore, a four-weeks 
micropollutants spiking experiment (at 50 g/L) was performed. The VertECO demonstrated 
a good capacity in removing organic pollutants from greywater. The complex microorganism 
populations appear to be self-adapting with indications that the longer they are exposed to 
certain organic pollutants, the better they get at breaking them down.  

Fig. 2. Occurrence of selected EDCs influent and effluent (left) and PhACs in the effluent (right); n=75.
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Abstract: Greywater presents great potential for reuse, if treated correctly and efficiently, 
it can be used in a variety of residential uses. The objective of this work was to test 
advanced oxidation for greywater disinfection through UV/TiO2, UV/TiO2/H2O2, photo-
fenton, UV/H2O2 and Photolysis (UV) processes, using Pseudomonas aeruginosa as an 
alternative indicator. In general, the processes with hydrogen peroxide (150 mg.L-1) mixed 
in the pretreated greywater and exposed to solar radiation or artificial radiation from UV 
lamps were the most efficient in the disinfection experiments, with total inactivation of P. 
aeruginosa. These processes (UV/H2O2 and photo-Fenton) were better fitted to the log-
linear/caudal decay model with remaining microorganism for the hydrogen peroxide 
concentration of 25 mg.L-1. The use of P. aeruginosa as an alternative indicator for the 
greywater disinfection was very promising due to its high resistance and high natural 
concentration in the effluent used in the experiments. The treatment applied with the 
UV/H2O2 process with the hydrogen peroxide concentration at 150 mg.L-1 was the only one
that showed acute toxicity, even though it removed a good part of the surfactant 
concentration from the pre-treated greywater.

Keywords: effluent treatment; pathogen indicator; source separation 

INTRODUCTION 
Greywater is defined as wastewater without effluent contributions from sanitary basins, which 
means only wastewater produced in bathtubs, showers, washbasins, washing machines and 
kitchen sinks. It is considered a highly recoverable water source, especially in countries 
suffering from water scarcity (Tsoumachidou et al., 2017). Light greywater refers to the 
wastewater produced by the previously mentioned sources, excluding greywater from the 
kitchen sink because it has a higher amount of undesirable compounds such as oils and fats 
(Allen et al., 2010). The relatively high concentration of the readily biodegradable fraction of 
organic matter may contribute in some cases to the presence of high levels of pathogens in 
greywater (Ridderstolpe, 2004).

For years, Escherichia coli, the main representative of the thermotolerant coliform subgroup, 
has been used as an indicator of fecal contamination. However its use for this purpose has 
been questioned. Some disadvantages are pointed out about the general use of Escherichia 
coli, such as its low tolerance to saltwater toxicity and accelerated bacterial decay, which may 
provide non-real data regarding the presence of other pathogenic microorganisms such as 
Giardia cysts, Cryptosporidium oocysts and human enteric viruses, which exhibit superior 
resistance to disinfectants. As with domestic sewage, due to the different characteristics of 
greywater, it is advisable to use more than one microorganism indicator. Mohammed et al. 
(2012) found that non-enteric bacteria (Pseudomonas aeruginosa and Staphylococcus aureus)
had a good ability to reproduce and persist, particularly in sterile dry sand, in addition to 
surviving a number of conditions. Thus, it is believed that these microorganisms can be used 
more reliably as indicators. P. aeruginosa are opportunistic bacteria, related to several cases 
of serious infections, mainly in hospital ones. They can be found widely in the environment, 
human skin and also in the feces of sick people (Toledo & Trabulsi, 2002). According to 



Pitten et al. (2001), P. aeruginosa has a strong involvement in the most severe infections, 
such as those of the respiratory tract, urinary tract and the blood flow. Characterized by 
straight or curved bacilli, the genus Pseudomonas is restricted aerobic, gram-negative and has 
mobility through flagella. They have the capacity to grow in waters with low levels of 
dissolved solids and organic compounds, adapting easily in environments with low nutrient 
availability. Because of the natural resistance to several antibiotics, the presence of 
Pseudomonas aeruginosa is closely related to hospital infection cases and is capable of 
triggering several waterborne gastroenteritis outbreaks (Bier, 1994). The choice of 
disinfection indicators to be used for greywater reuse should indicate the true risks that this 
wastewater can pose. Pseudomonas aeruginosa is an example of microorganism that can be 
used with complementary pollution indicators in addition to the coliform group (Jones et al., 
2013). Pseudomonas present in greywater can cause various diseases and compromise the 
organoleptic characteristics of water. Direct contact with water or effluents containing a 
sufficient number of these microorganisms can produce various infections on the skin, 
mucous membranes of the eyes, ears, nose and throat, thus requiring prior treatment to ensure 
safe reuse (WHO, 2006). In this sense, Advanced Oxidation Processes (AOP) can be used for 
the decontamination of water containing organic pollutants, classified as bio recalcitrant, and 
for the disinfection of emerging pathogens (Polo-López et al., 2012). These methods are 
based on the formation of highly reactive chemical species that degrade even the most 
recalcitrant molecules in biodegradable compounds (Malato et al., 2009), and have been 
widely studied in the last decades with several applications for effluent treatment 
(Dewil et al., 2017). Although there are different advanced oxidation processes, they are all 
driven by the same chemical characteristic: hydroxyl radical production (HO˙), which are 
capable of oxidizing and mineralizing almost any organic molecule, producing CO2 and 
inorganic ions under the proper conditions (Machulek Jr et al., 2013). Thus, the objective of 
this work was to test different greywater disinfection systems using advanced oxidation
processes using an alternative disinfection indicator. 

MATERIAL AND METHODS 
The experiments were carried out on bench scale and pilot scale. For the bench tests, 
cylindrical photochemical reactors of borosilicate glass were used, with a useful volume of 
1 L (first and second stages of tests). The UV radiation source was a 125 W high pressure 
mercury vapour lamp (without the protective bulb) with the maximum emission at 254 nm, 
positioned along the longitudinal axis of the reactor and protected by a quartz tube. The 
radiation intensity (4.30 mW.cm-2) was determined by actinometry with potassium oxalate,
according to the methodology proposed by Harris et al., 1987. The greywater was recirculated 
in the reactor by pumping through an external auxiliary reservoir with a volume of 2 L. An 
isolation system consisting of a sealed wooden box was used to protect the operator from the 
radiation of the lamp. In the bench scale, PET bottles exposed to the sun were also used, 
functioning as photocatalytic reactors (third stage). For the pilot scale (fourth stage), baffled 
reactors with recirculation and solar radiation were used.  

The intensity of the solar radiation was determined by means of a radiometer installed in the 
INMET meteorological station , near the locale of the experiment. These reactors were built 
with a 22º slope (approximate latitude of the city Campo Grande-MS), positioned on the roof 
of the Effluent Laboratory at the Federal University of Mato Grosso do Sul to receive solar 
radiation. 

The use of Pseudomonas aeruginosa as an alternative indicator of disinfection in greywater 
was evaluated through the use of advanced oxidation processes with bench scale and pilot 
scale reactors, comparing the efficiency among the various processes: TiO2/UV, 



TiO2/UV/H2O2, foto -Fenton, H2O2/UV and Photolysis (UV). The experiments were carried 
out in the following sequence: 

- 1st Stage: Bench scale tests with a photochemical reactor and a UV lamp operating in batch;
heterogeneous photocatalysis with TiO2 supported in Pyrex glass microtubes (used as reactor
filling) and UV, H2O2, UV/TiO2, UV/H2O2 and UV/TiO2/H2O2 processes. The hydrogen
peroxide concentration for this stage was 150 mg.L-1.

- 2nd Stage: Bench scale tests with a photochemical reactor and a UV lamp operating in batch;
homogeneous photocatalysis with the processes photo-Fenton, UV and UV/H2O2. Two
hydrogen peroxide concentrations were used for this test stage: 25 and 150 mg.L-1.

- 3rd Stage: Bench scale tests with a solar photochemical reactor (photocatalysis in PET
bottles exposed to the sun) operating in batch; homogeneous photocatalysis with the photo-
Fenton, UV and UV/H2O2 processes. For this stage, two hydrogen peroxide concentrations
were used: 25 and 150 mg.L-1.

- 4th Stage: Tests in a pilot reactor in a baffled reactor with acrylic tubes (continuous
photochemical solar reactor with recirculation) operating in batch; homogeneous
photocatalysis with the UV and UV/H2O2 processes. The hydrogen peroxide concentrations
for this stage were 25 and 150 mg.L-1.

The greywater used in the experiments consisted of mixing the water from washbasins, 
washing machines, bathtubs and showers. This water did not contain the kitchen fraction, and 
was collected after passing through a pretreatment system composed of an evapotranspiration 
tank followed by a constructed wetland with horizontal flow. The plant species Heliconia 
psittacorum L.f. (popularly known as heliconia or andromeda) was chosen to be used in the 
constructed wetland. Table 1 shows the mean values of the physical-chemical parameters 
used for monitoring the greywater treatment system. 

Table 1. Mean values of the parameters used for monitoring the greywater treatment system.

Parameters
P.

aeruginosa
(log)

Color
(Pt.L-1)

COD
(mg.L-1)

Turb.
(NTU)

Surfactants
(mg.L-1) pH Temp.

(ºC)

1st Stage 3.4 95 120.45 19 2.51 6.95 24
2nd Stage 4.7 72 85.50 15 2.51 7.01 24

3rd Stage 3.4 80 75.00 15 2.31 6.87 26

4th Stage 2.5 52 80.00 7 3.47 7.07 23

For the analysis of Pseudomonas aeruginosa, the Pseudalert® method of IDEXX, USA,
approved by the United States Environmental Protection Agency (USEPA) and included in 
the Standard Methods for the Examination of Water and Wastewater (APHA, 2012) was used. 
All tests were performed in triplicate, with a duration of two hours, and samples were 
collected for analysis at 20, 40, 60, 90 and 120 minutes for the bench scale and at 30, 60, 90 
and 120 minutes for the pilot scale. For the bacterial decay curves, the adjustments were 
verified through the correlation coefficient in two inactivation models: Chick-Watson and 
Log-Linear/Caudal. In order to predict the possibility of discharging greywater disinfected by 
advanced oxidation process (UV/H2O2) in streams and rivers, ecotoxicological tests were 
carried out since the reactor in the pilot scale (acrylic tubes) can be installed to disinfect 
effluents from small condominium treatment systems. 



RESULTS AND DISCUSSION
The disinfection studies performed in this study showed that it is possible to disinfect light 
greywater for reuse purposes in a sanitary basin, with an alternative disinfection indicator 
(Pseudomonas aeruginosa) in a fast and economical way, by using UV radiation combined 
with some advanced oxidation processes. In the experiments, both the heterogeneous 
photocatalysis with titanium dioxide combined with hydrogen peroxide and the homogeneous 
photocatalysis with hydrogen peroxide and ferrous ion were able to inactivate significant 
amounts of Pseudomonas aeruginosa. The use of hydrogen peroxide without exposure to 
UV/solar radiation (blank) was ineffective for disinfection, with a reduction of less than one 
log unit for Pseudomonas aeruginosa. The results are presented below. 

1st Stage
It was possible to obtain a homogeneous layer of TiO2 deposited in the small Pyrex glass 
tubes (used as reactor filling), with a mean thickness of 35.3 μm. However, only the use of 
TiO2 with UV radiation was not able to promote an increase in the inactivation of 
Pseudomonas aeruginosa. The photolysis performance (UV radiation only) was similar to the 
UV /TiO2 process (Fig. 3, first stage), with slightly higher inactivation for Pseudomonas 
aeruginosa (0.7 log unit). In studies by Robertson et al. (2005), the direct UV radiation was 
also more effective for the removal of Pseudomonas aeruginosa. On the other hand, the 
processes with hydrogen peroxide were much more efficient, with complete inactivation of 
the alternative indicator within one hour of the experiment. Pseudomonas aeruginosa
disinfection processes without the addition of hydrogen peroxide had a better fit to the classic 
Chick-Watson model (1st order), with higher correlation coefficients (R2) (Table 2). The
process with added hydrogen peroxide had the same adjustment for both models. This is 
because the process has reached the complete inactivation of Pseudomonas aeruginosa, with 
no remaining population of microorganisms. Without the remaining microorganisms’
component in the equation, the log-linear/caudal model becomes identical to the Chick-
Watson model. For the processes with titanium dioxide, the unviability in the conditions 
tested in this study was due to the difficulty in obtaining a homogeneous and consistent layer 
of TiO2 deposited in the small Pyrex glass tubes. Even reaching optimum deposition of this 
layer, the UV/TiO2 process did not achieve complete inactivation of the indicator 
microorganisms. For this, it was necessary to add hydrogen peroxide combined with titanium 
dioxide (UV/TiO2/H2O2 process).

2nd Stage
The tests showed that the systems with the highest hydrogen peroxide concentration 
(150 mg.L-1) were the most efficient, reaching complete inactivation of Pseudomonas
aeruginosa. It is believed that the generation of hydroxyl radicals by the Fenton reaction was 
responsible for the total inactivation, since even the H2O2/UV system without the addition of 
iron also reached this condition. This is due to iron present in the cellular metabolism of 
Pseudomonas reacting with the peroxide and producing HO. radicals (Ortega-Gómez et 
al., 2012; Agulló-Barceló et al., 2013). The UV experiments had efficiency very close to the 
systems with low peroxide concentrations, reaching a maximum of 3 log units of inactivation 
(Figure 1, second stage). The Fenton reaction with low peroxide concentrations was not so 
favored due to the peroxide consumption by organic matter contained in the effluent. In this 
case, we can observe that the disinfection reached was mainly through UV radiation. These 
results differ from those presented in some studies with gram-negative pathogenic bacteria, 
spores and bacteriophage viruses, in which the synergistic effect of low H2O2 and UV 
radiation concentrations are highlighted, reaching up to 6 log units of inactivation (Fisher et 
al., 2008; Polo-López et al., 2011). The best adjustments to the log-linear/caudal model, with 



the remaining microorganisms at the end of the experiments, were found with the photo-
Fenton and UV/H2O2 processes, both with a hydrogen peroxide concentration of 25 mg.L-1

(Table 2). For the tests with a concentration of 150 mg.L-1 in which total inactivation
occurred, it was not possible to adjust the bacterial decay curve to the models compared in 
this study. 

3rd Stage
On a bench scale, with PET bottles functioning as photocatalytic reactors, the tests showed 
that for the highest hydrogen peroxide concentrations used in the experiments there was no 
difference in the levels of disinfection between the UV/H2O2 and photo-Fenton processes. 
The UV process (photolysis) was not able to fully inactivate P. aeruginosa. Only a small 
inactivity occurred (less than one log unit). For the UV/H2O2 and photo-Fenton processes, 
both with a hydrogen peroxide concentration of 150mg.L-1, the inactivation of P. aeruginosa
showed a low active initial phase followed by a marked development in the disinfection curve 
until complete inactivation occurred (Figure 1, third step). The low activity in the beginning 
of the test can be attributed to the resistance of bacteria to oxidative stress. It has also been 
observed in some cases that increasing the H2O2 concentration to 150 mg.L-1 broke the initial
bacterial resistance and can achieve total disinfection in less time. The tests carried out 
showed that for the highest hydrogen peroxide concentrations used in the experiments there 
was no difference in the levels of disinfection between the UV/H2O2 and photo-Fenton 
processes. These processes with the highest hydrogen peroxide concentration (150 mg.L-1)
were the most efficient in all tests, reaching total inactivation of the microorganisms in less 
time, in the same way as in the previous stages. As in the second stage of the tests, again the 
processes with hydrogen peroxide in the concentration of 150 mg.L-1 were the most efficient
in the disinfection of the pretreated greywater. The processes with hydrogen peroxide 
concentrations of 25 mg.L-1 also reached total inactivation, however, in a longer time. In
general, the processes did not have a good fit to the compared decay models, being the photo-
Fenton process with a hydrogen peroxide concentration of 25 mg.L-1 that was better adjusted
with the same correlation coefficients for total inactivation of P. aeruginosa (Table 2). It is 
believed that this is due to the smaller experimental control, mainly to the variations of solar 
radiation in this stage of the tests. It was also not possible to adjust the bacterial decay curve 
to the models compared in the hydrogen peroxide concentration of  150 mg.L-1.

4th Stage
In this stage, the UV/H2O2 process with the hydrogen peroxide concentration of

150 mg.L-1 was also the most effective, reaching complete inactivation of P. aeruginosa in 30
minutes of solar exposure, with an applied dose of 1.08 MJ.m-2. Photolysis tests (UV process)
were effective for the inactivation of P. aeruginosa (Fig. 3, fourth stage), in which complete 
inactivation occurred in only one hour of sun exposure. Studies by Ubomba-
Jaswa et al., (2009) have shown that the use of the highest UV radiation over a short period of 
time is more advantageous than a lower intensity over long periods in terms of the bacteria's 
ability to respond and repair the damage caused by UV incidence. High UV radiation acts to 
negatively affect the efficiency of cell repair enzymes, attacking the defense mechanisms and 
preventing photoreception (Rincón & Pulgarin, 2006). For the tests with UV and H2O2
processes with a hydrogen peroxide concentration of 25 mg.L-1, an initial soft decay was
observed, followed by an inactivation region with log-Linear until the total inactivation of the 
microorganisms, without any remaining population. As in the previous stages, it was not 
possible to adjust the bacterial decay curves to the inactivation models compared in the 
hydrogen peroxide concentrations at 150 mg.L-1. It is observed that for the conditions tested
in this study, hydrogen peroxide in a synergistic effect with UV radiation was the key factor 



for the increased disinfection rate. Although the processes did not present a good fit to the 
decay model for the 4th stage, it was possible to confirm the high disinfection efficiency of the
UV/H2O2 process, with simple use and low cost.

Figure 1. Inactivation of Pseudomonas aeruginosa for the four experimental stages. The 
hydrogen peroxide concentrations of 150 mg.L-1 and 25 mg.L-1 were used for stages 2, 3 and
4. For the first stage, only the concentration of 150 mg.L-1 was used.

After the experiments, the samples kept at room temperature without the presence of light did 
not show bacterial regrowth within 24 hours of storage, thus showing the possibility of using 
treated greywater in domestic reuse. 

Table 2. Pseudomonas aeruginosa inactivation constants for the various disinfection stages. 
Bacterial Decay Models

C/C0 = e-k.t

(Chick-Watson)
(C – Crem)/(C0 – Crem) = e-k.t

(Log-Linear/Caudal)

Process k 
(min-1) R2 k 

(min-1) R2 

1st stage 
UV 0.04 0.98 0.05 0.88 

UV/TiO2 0.03 0.99 0.05 0.86 
UV/TiO2/ H2O2 0.08 0.77 0.08 0.77 

2nd stage 
UV 0.04 0.94 0.05 0.96 

UV/H2O2 0.06 0.96 0.07 0.97 
photo-Fenton 0.06 0.85 0.09 0.99 

3rd stage 
UV 0.02 0.88 0.03 0.90 

UV/H2O2 0.08 0.80 0.08 0.80 
photo-Fenton 0.07 0.94 0.07 0.94 

4th stage UV 0.06 0.76 0.06 0.76 
UV/H2O2 0.06 0.78 0.06 0.78 

Ecotoxicity tests
For UV and UV/H2O2 processes with hydrogen peroxide concentrations at 25 mg.L-1 all test
organisms survived. Only samples with a higher H2O2 concentration (150 mg.L-1) showed
toxicity in the preliminary tests (100%). With this positive immobilization result, the dilutions 
were carried out at 50, 25, 12.5 and 6.25%. For the first three dilutions, no microorganisms 



exposed to disinfected greywater survived. Only the 6.25% dilution decreased the immobility 
rate, with a value reduced to 90%. According to the results, the dilution of 6.25% of the 
greywater sample disinfected by the UV/H2O2 process with the hydrogen peroxide 
concentration of 150 mg.L-1 is no more toxic to the microorganism in question. Anionic
surfactants are probably the main compound present in greywater capable of offering toxicity 
to Daphnia. However, the raw greywater used in this work presented a mean anionic 
surfactant concentration of 2.31 mg.L-1, below the lethal concentration range that according to
the US Environmental Protection Agency (EPA, 2007) is 5.8 - 9.5 mg.L-1 for anionic
surfactants regarding dodecylbenzene sulfonate. In general, greywater treatment reduces the 
acute toxic effect, as in studies by Hernández Leal et al., (2012). However, in the present 
study, the treatment applied with the UV/H2O2 process in the hydrogen peroxide 
concentration of 150 mg.L-1 was the only one that presented acute toxicity, even though it
removed a good part of the concentration of surfactants from the raw greywater. This toxicity 
was probably due to the use of hydrogen peroxide, which is still present in greywater samples 
after sun exposure.  

CONCLUSIONS 
In general, the processes with hydrogen peroxide (150 mg.L-1) mixed in the pretreated
greywater and exposed to solar radiation or artificial radiation from UV lamps were the most 
efficient in the disinfection experiments, with total inactivation of P. aeruginosa. These 
processes (UV/H2O2 and photo-Fenton) were better fitted to the log-linear/caudal decay 
model with remaining microorganisms using the hydrogen peroxide concentration of 
25 mg.L-1. The use of P. aeruginosa as an alternative greywater disinfection indicator was
very promising due to its higher resistance and higher natural concentration in the effluent 
used in the experiments. The treatment applied with the UV/H2O2 process in the hydrogen 
peroxide concentration of 150 mg.L-1 was the only one that showed acute toxicity, even
though it removed a good part of the surfactant concentration from the raw greywater. This 
toxicity was probably due to the use of hydrogen peroxide, which is still present in greywater 
samples after sun exposure. For safety, reuse of greywater disinfected with UV radiation 
combined with advanced oxidation processes, it is recommended that disinfection tests should 
be carried out with other indicator microorganisms such as S. aureus, C. perfringens and S. 
faecalis, in addition to a microbiological risk analysis.  
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Introduction

38% of the Irish population lives in rural areas and nearly 30% of Irish households rely on
individual domestic on-site wastewater treatment systems (DWWTS). In DWWTS most 
commonly, wastewater from single households is initially treated by a septic tank, in which 
organic matter of the influent is converted into carbon dioxide (CO2) and methane (CH4) by 
microbial processes. The effluent from the tank is released into the soil treatment unit (STU)
where additional CO2 and CH4 are emitted to the atmosphere as well as nitrous oxide (N2O) 
from the partial denitrification of nitrate. Additional secondary treatment packaged units (e.g. 
coconut/peat filter, rotating biological contractor) can be installed prior to the STU to provide 
further treatment of the wastewater. In older systems the STU is often a simple soakaway, a pit 
back-filled with rubble and fed from the septic tank by a single effluent pipe, but more optimally 
now an STU should be constructed as a larger percolation area where the effluent is distributed 
over a wider area through a network of percolation trenches. 

Considering the large number of DWWTS in Ireland and internationally, septic systems are 
potential significant sources of greenhouse gas (GHG) emissions. However, there have been a
limited number of direct field studies and existing inventories are based on the assumption of 
the conversion rate of organic matter entering the systems in the septic tank excluding the 
potential emissions from the STU. Here we present long-term and diurnal variations of soil 
fluxes from STU at different DWWTS in Ireland.

Material and Methods

Long-term soil flux measurements of CO2 and CH4 were carried out using automated chambers 
and a closed-transient measurement approach (LI-8100 Automated Soil CO2 Flux System, Li-
Cor®) with an additional GHG analyzer (Ultra-Portable GGA, model 915-0011, Los Gatos 
Research®). During incubation, a chamber is moved by a non-flexible arm over a collar which 
is inserted into the soil creating a closed gas loop between the chamber and the GHG analyser 
to measure the change in gas concentration under the chamber. Multiple chambers were 
deployed over the STU and control site, each recording hourly flux measurements. GHG
emissions were correlated against different meteorological and soil parameters. The soil flux 
system has been rotated between different sites from February 2015 ongoing. 
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Results and Discussion

We observed seasonal (Figure 1) and spatial variations (Figure 2) of GHG fluxes at multiple 
sites. While temperature, soil water content, and atmospheric pressure were identified as the 
most significant environmental factors correlated to the release of CO2 from the control site, 
fluxes from the soakaway showed weaker correlations in regard to environmental factors. 

Figure 1. Over a period of 17 months, CO2 fluxes were recorded semi-continuously over a soakaway and 
control. The monthly (A) and diurnal (B) variation of log-scaled CO2 fluxes from a soakaway (white) and 
control (grey) as density curve bean plots with median values (black lines) for each group. Dashed lines 
represent median soul gas flux from the soakaway (black) and control (grey).

Figure 2. Boxplots of spatial variation of CH4 fluxes from a soakaway at the effluent (EF), 1 meter stepwise 
away from the soakaway (1m, 2m, 3m) and at the control site (C) over a period of 2 and half month in 2016.
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Introduction

Some sites are very difficult to service successfully with on-site wastewater treatment and 
dispersal systems. The soil types may be unsuitable (heavy clays), the available land area too 
small, there may be nearby waterways or bores/wells, or environmental and/or building code 
set-back distances may limit available space. We developed a self-contained recirculating 
evapotranspiration trench that could be used with any standard on-site wastewater treatment 
system (Kele 2005, Kele et al, 2005). Pods made from either plastic or concrete were filled 
with soil suitable for the long-term application of effluent. Plants were grown in the top of the 
pods and they used the effluent via evapotranspiration. The number of pods and plants were 
calculated using the Penman-Monteith equation (Allen, et al, 1998). The pods stop the 
effluent from leaching into the local environment and the water usage by the plants means 
that no discharge/dispersal occurs into the external soil. 

Figure 1: Schematic of the self-contained evapotranspiration trenches 

Material and Methods

Research on the RET system began in July 1997 in tropical Australia. The data collected from 
the research sites included plant growth, water usage via evapotranspiration, and soil health. 
Particular focus was on potential limiting factors in a self-contained system such as
accumulations of salinity, sodicity, nitrogen, phosphorus, and heavy metals (VanDeGraaff 
and Patterson, 2001). The original research sites now have 20 years worth of data. Australia 
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has tropical, sub-tropical, and temperate climate zones. The initial research was conducted in 
tropical and sub-tropical areas with a summer wet season and minimal frost in winter. New 
research sites have been installed in southern Australia where the wet season is in winter with 
significant frost and snow conditions. Comparisons are being made in regards to the effect of 
climate on water usage via evapotranspiration, impact on plant selection, and soil health.   

Results and Discussion

The 20 year observation trial has shown that with maintenance the limiting factors can be 
controlled ensuring that a self-contained system is sustainable (see Figure 1). Accumulations 
of salinity and sodicity can be managed with a fresh water flush through the system and the 
salt being transported away with the sludge from the treatment system (septic or package 
plant). Nutrient use can be increased via the selective pruning on the plants in the pods. This 
encourages new growth, which lowers the concentrations of the nitrogen and phosphorus in 
the effluent and the soil in the pods.  

Figure 2: 20 year growth comparison of bamboo in self-contained evapotranspiration trench

The research sites in the temperate climates of southern Australia have shown that overcast 
and cooler conditions during winter significantly reduce the evapotranspiration volumes of 
the plants in the pods. Rainfall intrusions mechanisms on the pods mean that the plants do use 
effluent as they cannot easily access groundwater. The prevalence of cloud cover has a greater 
impact than the amount of rain. A model has been developed that uses climatic data and plant 
selection to determine the number of pods required in a system, the surface area of 
evapotranspiration material, and the volume required in the balance tank for wet weather 
storage.  
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INTRODUCTION / MAIN METHODS
The domestic wastewater of approximately one third of the population in Ireland (~500 000 
dwellings) is treated on-site by domestic wastewater treatment systems (DWTS) of which 
more than 87% are septic tanks (CSO 2016). If situated and constructed incorrectly the 
potential impacts of such on-site effluent include the pollution of either groundwater and/or 
surface water. Areas with inadequate percolation due to low-permeability subsoils and/or high 
water tables present the greatest challenge whereby ponding and breakout of untreated 
effluent at the surface may occur with a risk of effluent discharge/runoff of pollutants to
surface waters and to wells (Hynds et al. 2012) with associated serious health risks. It is 
estimated that the overall proportion of the country with inadequate conditions for DWTS (all 
year round or intermittently during wet weather conditions) is 39% (EPA 2013). Hence, the 
use of sealed basin evapotranspiration (ET) systems using willows has been trialled as a 
potential solution for such areas. 

Fourteen full scale willow ET systems were constructed to treat domestic wastewater effluent 
from single house dwellings across Ireland, located in areas with very low permeability (i.e. 
clayey) subsoils, in which effluent percolation would not be a feasible for on-site effluent. 
The area and depth were based upon a modeled water balance between the expected 
wastewater production, local rainfall and estimated evapotranspiration from the basin over a 
four year period. The basins were excavated to a depth of 1.8 m and lined with an 
impermeable butyl rubber or low-density polyethylene membrane. The effluent was 
distributed either by pumping or gravity flow into pipes along the base of the basins bedded in 
300 mm depth of gravel. The excavated soil was then back-filled into the basins up to ground 
level. Several different varieties of willow cuttings were then planted at a density of 3 per m2.
The systems were designed with variations between key parameters (effluent type, willow 
species, plan area, aspect ratio), in order to compare overall performance. 

Effluent flow into the basins, water level, rainfall and potential evapotranspiration have all 
been continuously monitored over four years to determine the water budget and crop 
coefficients at each site. The available pore space in the soil within each system was also 
determined via removal of replicate soil samples. The wastewater effluent and stored water in 
each system was also periodically tested for quality (organics, nutrients and indicator 
bacteria). 



MAIN RESULTS AND CONCLUSIONS
Evapotranspiration results varied greatly between sites, with some sites exhibiting excellent 
willow tree establishment and correspondingly high ET rates, while other sites showed much 
poorer performance. No system managed to achieve zero discharge in any year remaining at 
maximum levels for much of the winter months, indicating some loss of water by lateral 
exfiltration at the surface (see Fig. 1). One significant problem identified was the usable void 
ratio in the basins that had been refilled with the excavated low permeability subsoil was 
much lower than expected thereby leaving little room for effluent storage over the winter 
periods. In addition, the ET rates were lower when compared to other countries where these 
systems have been used, which was attributed mainly to the predominantly high relative 
humidity of the Irish climate. Water availability was determined to strongly influence the ET 
rate from a system, while the addition of effluent into the systems was shown to have had a 
positive effect on willow tree development. Pollutant uptake / removal was found to be very 
high on the systems with well-established willow trees and sampling and analysis of the 
surface overflow quality from the systems showed that it was similar to rainfall runoff in the 
adjacent fields, indicating that the systems act as very effective passive treatment systems. 

The performance results (crop coefficients etc.) have been used to formulate national design 
guidelines for ET systems in such a temperate, maritime, Irish climate. Realistic dimensions 
have been established in order to minimise the number of days of potential overflow while 
keeping within the boundaries of reasonable practical and financial constraints.

Figure 1. Water level and daily rainfall for willow ET system in County Wexford, Ireland. 
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Introduction 

The study is mainly aimed to elucidate the long-term (over 90 days) performance of a 
multi-soil-layering (MSL) filter system, in response to the nitrogen and organic shock 
loadings, especially under the impact of high influent ammonia loadings, ranging from 100 to 
>1000 mg NL-1, which would be helpful to further expand the utilization scope of the soil 
filter. In addition, this study attempts to quantitatively classify the low-, medium- and 
high-strength stabilized landfill leachate (LL) based on more objectively and mechanistically 
sounder LL quality parameters. 

Material and Methods 

Leachate was collected from a 10-year old matured municipal landfill site in Zhejiang 
Province, China. The LL was then fed into the two MSLs (runs 1 and 2), which were operated 
with a HLR of 200 L m-2 d-1 and a HRT of 31.7 hours for the shock loading trials lasted for 94 
days. The trials on the effects of nitrogen and COD shock loadings were divided into three 
stages: Peak stage: medium- to high-strength LL (days 0−64), Run 1: low- strength LL (days 
64−94), and Run 2: medium-strength LL (days 64−94). The average intensity of matured 
low-, mid-, and high-strength, which was initially classified based on the total nitrogen (TN) 
level and the corresponding TN, NH4-N, and COD values, was calculated as 88, 79, and 264 
mg L-1 for low strength; 352, 316, and 1056 mg L-1 for mid-strength, and 880, 792, and 2640 
mg L-1, for high-strength, respectively.  

A modified sensitivity index of the reactors has been used to indicate the operating 
conditions, while the linear regression and one-way analysis of variance (ANOVA) were 
performed at the 0.05 significance level. 

app:ds:center
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Results and Discussion 

The main results (Fig. 1) showed: (i) the MSL systems could effectively absorb the low-, mid- 
and high-strength shock loadings (equivalent to 71 HRT) while treating matured landfill 
leachate. The MSL reactors exhibited a better denitrification capacity while treating the mid- 
and high-strength LL at 30 and 18 HRT, respectively; (ii) among the sensitivity indices of pH, 
TN, NH4-N and COD, pH was the most sensitive index, while its index value was much 
larger under low- and mid-strength shocks than that of high-strength shock. The sensitivity 
index of COD showed a most retarded response under the three stages of exposure conditions; 
(iii) high levels of free ammonia (0 to 67.2 mg N L-1) were associated with the high influent 
nitrogen shocks and high pH. Yet, high concentrations of free ammonia showed little 
inhibition on the nitrification process of the MSL systems.  
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Fig. 1 Variation of various nitrogen compounds (TN, NH4-N, NO2-N, and NO3-N), nitrification efficiency, 
pH, ALK and EC evolutions in response to nitrogen shock loadings over time. (A) TN, NH4-N, NO2-N, and 
NO3-N in the shock loading (Peak Stage); (B) TN, NH4-N, NO2-N, and NO3-N in Runs 1 and 2; (C) nitrification 
efficiency; (D) pH; (E) ALK (in CaCO3); (F) EC. The error bars in Peak Stage are not shown for clarity.  
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Abstract

This research is part of a project devoted to the study of a combination of constructed 
wetlands with a post- treatment of heterogeneous photocatalysis, aiming to keep a reduced 
surface for the wetland and to increase the quality of the effluent, keeping a complete 
elimination of the presence of persistent pollutants.  

Persistent organic pollutants (POPs) include a variety of chemicals that threat both the 
environment and living organisms. Among the most relevant, agrochemicals, 
pharmaceuticals, personal care products (PPCPs), and others can be included. POPs show 
large differences in bioavailability and bioaccessibility (Dean, 2007), for which attention 
should be paid to methods for their abatement and / or degradation. Some of the POPs under 
study in this project are herbicides: atrazine and analogous; fungicides: imazalil; anti-pyretics: 
paracetamol; anti-inflammatories: ibuprofen, diclofenac, ketoprofen; anxiolytics: 
carbamazepine; Antihistamines: diphenhydramine; beta-blockers: propranolol; among others. 

Conventional wastewater treatment plants (WWTPs) are not economically feasible for 
sanitation of sparsely populated areas. Consequently, cost-effective decentralized and/or 
individual household treatment solutions are typically preferred, such as constructed wetlands 
(CWs), which are receiving increasing attention due to their ability to remove a large variety 
of pollutants, including PPCPs (Verlicchi and Zambello, 2014). Their behaviour has been 
evaluated in pilot horizontal subsurface flow (SSF), vertical flow, and surface flow (SF) CWs 
because they constitute a cost-effective decentralized and/or individual household treatment 
solution. Although the removal efficiency of PPCPs in CWs is usually high, some POPs are 
poorly removed, and hybrid systems consisting of different configurations of multistep 
wetlands and/or ponds perform better than individual systems.  

PPCPs removal from urban wastewater have been studied in a hybrid pilot plant consisting of 
an up-flow anaerobic sludge blanket reactor (UASB), followed by two sequentially horizontal 
flow constructed wetlands: a surface flow wetland (SF CW) and a subsurface flow wetland 
(SSF CW). The efficiency of the different treatment steps was compound-dependent, but the 
SF CW generally exhibited the highest removal efficiency for most contaminants. 
Photochemical degradation mechanisms are present in SF CWs and thus in some types of 
hybrid CWs. However, in order to maintain and strengthen this mechanism and reduce the 
footprint and complexity of hybrid systems, we propose the combination of VF and SSF CWs 
with an ultraviolet photocatalysis post-treatment unit. The use of TiO2 as photocatalyst is one 
of the most promising advanced-oxidation processes, due to its low toxicity, chemical 
stability and capacity to produce highly oxidant species by UV-Vis light absorption, including 



sunlight (Martinez et al., 2013). Nowadays, these processes can be improved by using 
irradiation systems capable of reducing energetic consumption, such as UV-LEDs.

A compact two-step CW system consisting of a SSF unit and a VF unit with effluent 
recirculation, followed by an UV FC unit is being tested at lab-scale. The recirculating SSF-
VF system was selected because of it excellent performance in achieving total nitrogen 
removal (Torrijos et al., 2016). These units provide the aerobic and anaerobic conditions 
required for advance nitrogen removal, but also for the removal of most PPCPs. On the other 
hand, the UV FV unit provide photocatalysis mechanisms in order to complete PPCPs and 
pathogen removal. Removal efficiency relative to suspended solids, organic matter, nutrients, 
PPCPs, pathogen agents and ecotoxicity (algae testing) is being assessed.
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Constructed wetlands planted with willow for domestic 
wastewater treatment under cold climate
Zhanna Grebenshchykova, Jacques Brisson, Florent Chazarenc, Yves Comeau

Introduction

Treatment wetlands (TWs) represent an alternative popular extensive process to treat 
municipal wastewater in small communities. One of the most widespread TWs in Europe 
is the French vertical unsaturated flow (VF) planted with Phragmites australis australis
with more than 4000 systems in operation. This type of design naturally allows the good 
oxygen transfer needed for a treatment to the deep layers. Despite its good treatment 
performances this system has never been developed in North America mostly because the 
operation in winter is difficult in very cold temperature and because Phragmites australis 
australis are considered as invasive species (Kadlec and Wallace, 2009).  

The saturated mode of operation can be the solution to protect the TW from freezing. 
This type of flow must be applied with forced aeration (Wallace et al., 2001; Ouellet-
Plamondon et al., 2006) to bring the oxygen. Willow sp. present a special interest for this 
type of TW in North America because of the fast biomass development with an important 
evapotranspiration capacity. Moreover, this species has an important rhizome that 
participates to the oxygen transfer and to the nutrient uptake (Kuzovkina and Quigley, 
2005). A pilot-scale experiment is needed to approve previous optimizations.

The aim of this study was (i) to evaluate the performances of willows (Salix miyabeana 
SX67) TW instead of Phragmites australis australis into the VF system (ii) to develop an 
operating mode adapted to harsh winter conditions by using saturated flow coupled with 
forced aeration (iii) to compare percolated and saturated flow mode during the winter.

Material and Methods

Four pilot-scale units of single stage VF TW were implemented inside the wastewater 
treatment plant of the village of Saint-Roch-de-l’Achigan (5000 hab.) in Quebec, Canada.
The climate in this region is semi-continental with the mean monthly temperatures 
reaches a minimum of -10.8°C in January and a maximum of 21.3°C in July
(Environnement Canada, climate normal 1981-2010). 
Each unit having surface of 1.3 m2 (4.5 m x 2.5 m) contains 1.2 m of different type of 
media (Fig. 1) and was planted using 45 plants of willow (Salix miyabeana SX67). A soil 
moisture and temperature sensors were installed in different layers of each unit of TW
(Fig.1). A weather station was implemented near the TW system.
The filters were fed with primary settled domestic wastewater effluent from July 2016 to 
September 2017. Two organic loadings, representing 5 and 10 m2/PE were tested. The 
saturated operation mode including forced aeration was applied for two filters during four 
months of winter.  
Inflow and outflow samples were collected twice a month. Monitoring included the 
following pollutants as chemical oxygen demand (COD); total suspended solids (TSS); 
total Kjeldahl nitrogen (TKN) – ammonia (NH4) – nitrogen (NO3); total phosphorus 
(TP) – orthophosphate (PO4) were made according to Standard Methods (APHA, 1998). 
Furthermore, some others physico-chemical analyses were made (turbidity, pH, electro-
conductivity, calcium, magnesium, potassium, sodium, chloride, sulfate). 
Plant morphological traits development (Stem length, Nitrogen foliar content, Phosphorus 
foliar content) were analysed.
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Fig. 1 – Cross-section of the VF TW, with the detailed granular size of each 
filtration layer 

Results and Discussion

The main results from August 2016 to January 2017 showed: 
(i) The COD removal was from 82% to 96%. The TSS removal was from 74% to 100%.

Removal efficiency was not affected by the concentration variations of primary
effluent.

(ii) The Phosphorus removal was from 52% to 94% with reduction of efficiency during
the experiment.(iii)The Nitrogen removal was from 87% to 98%.

(iv) No significant difference for COD, TSS, Phosphorus and Nitrogen removal
efficiency between units.
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Introduction

The objective of this study was to evaluate the treatment efficiciency of a short rotation 
willow coppice for the treatment of wastewater from a municipal primary effluent in a humid 
continental climatic context. The research was carried out at pilot scale in the summer of 2016 
on a two-hectare willow (Salix miyabeana SX67) experimental plantation located near the 
municipal wastewater treatment plant of Saint-Roch-de-l'Achigan, Quebec, Canada.

A number of small urban and northern Canadian communities fail to effectively treat their 
wastewater due to lack of funds, skilled personnel or maintenance experts (Joy at al. 2003). In
response to this issue there is a need to continue to develop extensive wastewater treatment 
systems that require low construction and operating costs. Using short rotation coppice for the 
treatment of wastewater represent a potential solution to this problem. These filters can
remove organic matter and nutrients from wastewater (Miguel et al., 2014), in addition to 
making possible the valorization of a woody biomass (Guidi et al., 2013). The use of certain 
willow cultivars with a high evapotranspiration potential can also considerably reduce the soil
infiltration flowrate (Nissim et al., 2014). 

Materials and Methods

Nine experimental plots of 100 m2 (10 m x 10 m) were delineated within an existing
experimental willow plantation. Two loadings of primary effluent (D1, 1 cm/d and D2, 
1.5 cm/d ) and one loading of potable water (PW; 1 cm/d) serving as a nutrient-poor control 
were used to irrigate the nine plots (3 plots per dose) for 115 days. A total of 27 suction cup
lysimeters (3 per plots) installed at a depth of 60 cm and five observation wells were used to 
monitor vadose zone and groundwater quality (COD, NH4, NOx, TKN TP, o-PO4), 
respectively. Willows evapotranspiration was modelled for the duration of the experiment 
using the Penman-Monteith equation and crop coefficients associated with the Salix genus. 
Mass balances of the monitoring parameters were carried out using this evapotranspiration 
data.
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Results and Discussion

Efficient removal of COD and o-PO4 (96% and 99% loading removal, respectively) was 
observed for all plots irrigated with D1 and D2. The low average concentration of o-PO4 
(< 0.1 mg P/L) measured from these plots is probably due to the adsorption of phosphorus 
near the soil surface above the sampling point of the lysimeters. Phosphorus soil saturation 
rate should certainly be taken into account in determining the lifetime of irrigation sites. Total 
nitrogen loading removal efficiencies of 94% and 96% were observed for D1 and D2, 
respectively. High concentrations of nitrate, however, were measured during the experiment 
during dry weather periods (Figure 1). The concentration effect that results from dry weather 
conditions, a high evapotranspiration rate and a decrease in soil denitrification during periods 
of lower soil moisture can explain these higher concentrations. Modulation of irrigation flow 
according to the evapotranspiration rate that are highest between July and September, could 
allow to avoid high groundwater nitrate concentration during dry weather periods. This would 
also allow to maximize the amount of water irrigated, reducing the required volume for a 
winter wastewater storage basin.

Figure 1. Influent total nitrogen, rainfall and nitrate in lysimeters
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Abstract: Constructed wetlands are a sustainable way for the treatment and reuse 
wastewater; this is because of their contaminant’s high removal efficiency, easy 
construction, low cost of operation and maintenance compared with conventional systems 
for wastewater treatment. Constructed wetlands have been classified accord to their flow in 
surface flow constructed wetlands and subsurface flow constructed wetlands; these last are 
classified in vertical and horizontal due the water flow inside the system. The vertical 
constructed wetlands can work with a superior organic mass than horizontal constructed 
wetlands in a less area with the same flow to treat. This research has been focus on 
determine the removal of Biochemical Oxygen Demand and fecal coliforms from a 
domestic wastewater by using a two stages subsurface vertical flow constructed wetland 
which is planted with Scirpus ssp (tule); and its´s fluctuation stability in the input 
concentration, obtaining as a result a global removal of fecal coliforms of 99.99% (4.81 
logarithmic units), a Biochemical Oxygen Demand removal of 94.46% and a constant 
removal even when it was a variation in the input concentration of these contaminants.

Keywords: constructed wetland, domestic wastewater, fecal coliforms, organic mass.

INTRODUCTION
Constructed wetlands (CW) has been defined as engineering systems, designed and 
constructed to use the natural functions of the wetlands, vegetation, ground and microbial 
population for the wastewater treatment, where each one of these functions occur in a more 
controlled and efficient way (Karathasis et al. 2003, Vymazal 2010, Brix et al. 2005). Their 
use has been principally focus on wastewater treatment and its´s reuse in developing cities, in 
which the poor soil conditions predominate, high phreatic level, prohibition of the discharge 
of waste water in areas of adsorption; As well as cities that do not have sufficient resources to 
implement costly technologies (Vacca et al. 2005, Karathanasis et al. 2003, Gopal, 1999). In 
this last point the use of a CW is a high viable alternative due to the Low energy and 
maintenance costs compared to conventional technologies; also with zero environmental 
impact and low waste production (Wang et al. 2013, Ávila, 2014). 

The importance and significance of these systems is that they are more economical and 
provide benefits from reuse, since they are very efficient in the removal of organic matter,
suspended solids, metals, excess nutrients (e.g. nitrogen, phosphorus, etc.) and pathogenic 
organisms (Jin et al. 2001, Wang et al. 2013, Garcia et al. 2008). Additionally the CW has 
presented economic and operational advantages during operation. 

The removal of contaminants is done by mechanisms that have place between the vegetation, 
ground and microorganisms (Khatiwada et al. 1999). 

On the other hand, the CW have been classified in wetlands of surface flow (SFCW) and 
subsurface (SSFCW), these last are classified according to the movement of water in 
horizontal (SSHFCW) and vertical (SSVFCW). The SSVFCW can operate with loads 



exceeding the s SSHFCW, occupying less space to treat the same flow rate which represents 
an advantage over others (Garcia et al. 2008). 

The aim of this was focus on determining the Biochemical Demand of Oxygen (BOD5) and a 
residual water fecal coliform removal household type by means of a two-stage SSVFCW
which is planted with vegetation type Scirpus spp (tule); and its stability in terms of 
fluctuations in the input concentration. 

MATERIALS AND METHODS
Constructed wetland description  

This study has been made in 8.5 weeks in an experimental physical model of a two-stage 
SSVFCW in the Mexican Institute of Water Technology (IMTA), it has an effective total area 
for treatment of 5 m2 (2.5 m2 each stage) and a time of hydraulic retention (THR) of 7 days in 
the system (Table 1). The bed is divided in 3 layers of stone material with a height of 30, 20 
and 20 cm (ascending), and material diameters of 20, 5 and 2 mm respectively (García et al. 
2008). The vegetation in this system was planted with Scirpus spp. (tule).

Table 1. Dimensions of the stage. 
Dimensions (m)

Lenght 2.79

Width 0.90

Deep 0.70

The two cells that forms the system has a network of polyvinylchloride (PVC) piping for the 
distribution of the residual water and a PVC pipe grooved to the bottom of the wetland for the 
collection of water (Table 2). The wetland is located under a roof of polycarbonate in order to 
avoid influence of variables by precipitation.

Table 2. Characteristics of distribution and collection pipes. 
Characteristic Distribution system Collection system

Kind of pipe PVC PVC

Pipe diameter 2” 2”

Number of rows 3 1

Type of perforation holes grooves

Number of perforations 27 7

Length of perforation - 0.05 m

Thickness of each perforation 0.003 m 0.003 m

In addition, the system has 3 PVC pipes 2" diameter for the aeration of the substrate in each 
one of the cells. These tubes are 0.003 m thick grooves to effect the transfer of oxygen to the 
inside of the system (Figure 1). 



Figure 1. Distribution systems and aeration pipes. 

Operation

The system was powered with domestic wastewater entering the treatment plant of the IMTA,
which comes mainly from the health services of the different buildings of the institute, dining 
room and laboratories. Residual water has a BOD5 average of 142 mg/L and 1.8×104

MPN/100 mL fecal coliform (FC); this is powered by 2 pulses per day (75 L each pulse) 
which are controlled through a system of valves that operate manually.

Efficiency of the constructed wetland

The FC during the experimentation of our work was determined by the method of 
simultaneous determination of total and fecal coliform using the technique of substrate 
chromogenic specific (Colilert) (Figure 2), while to the BOD5 was determined by the norm 
NMX-AA-028-SCFI-200. Known values proceeded to determine the efficiency of removal of 
these parameters in the two stages and was subsequently performed a linear regression with 
previously transformed data [log (x+1)] to determine the stability of the system by 
fluctuations of the load of pollutants. 

Figure 2. Technique of substrate chromogenic specific.

RESULTS AND DISCUSSIONS 
The presence and removal of BOD5 and FC are monitoring for 8.5 weeks after the 
stabilization of the system. No significant differences in the number of FC with respect to 
different sampling points, registering a gradual reduction in the point of sampling next to the 
output were. The system showed an efficient removal of FC 99.99% (4.81 logarithmic units) 
and BOD5 a 94.46% (Table 3). These results coincide with those reported by Arias et al.
(2003) in has two stages, which recorded a removal of indicator bacteria between 99.5 - 



99.9%, and by Li et al. (2012) in its work related to sand filters, which recorded values of 
removal of FC of 99.9%. 

Contrary to the proceeds by Song et al. (2006) who reported percentages less removal than 
those obtained in our study, since they recorded a removal of FC of 99.6%. 

Table 3. Removal of FC and BOD5 for stage.

Parameter

Stage 1 Stage 2
System

complete

Inlet flow Flow rate Removal
(%) Inlet flow Flow rate Removal

(%) 
Removal

(%) 

FC (NMP/100 mL) 1.50 × 106 2.12 × 102 99.94 2.12 × 102 9.38 × 100 94.75 99.99

BOD5 (mg/l) 151.3 19.65 86.58 19.65 8.1 58.72 94.46

On the other hand, regarding the BOD5 results are similar to those obtained in this work 
(94.46%) (Figure 3), for example Langergraber et al. (2014) obtained a percentage of 95% in 
vertical wetlands in two stages and Jong et al. (2016) obtained values of 92-96%. 

Figure 3. Removal of BOD5.

During the operation of the SSVFCW were presented different concentrations of FC, which 
ranged from 3.38 × 105 - 3.89 × 107 MPN/100 mL and BOD5 of 150 - 250 mg/L; however the
system was kept in an average percentage of removal from the order of 99.99% for FC and a 
94.46% for the BOD5. These results corroborate cited by several authors (Kadlec et al. 2008, 
Garcia et al. 2008, Molleda 2011) that assume that the CW are able to withstand fluctuations 
in loading of contaminants. 

To corroborate this information a linear regression was made in which you can see that the 
data between the concentration of FC and reduction of logarithmic units follow a pattern 
similar to the linear with a value (R2)  close to 1 (0.90), which indicates that there is a high 
correlation coefficient between the concentration of input and the reduction of FC log units 
throughout the system (Figure 4); This data is similar to that obtained by Molleda (2011), 
whose correlation coefficient R2 = 0.99, was between the burden of FC and its rate of removal 
in a SSVFCW of urban and livestock waste water treatment with high concentrations of 
pathogens. 



Figure 4. Linearity of concentration and reduction of FC. 

On the other hand, the results obtained regarding the BOD5, shows a linearity with a 
coefficient of R2 = 0.87 (Figure 5), is not ideal but it is an acceptable result; being this 
coefficient less than introducing Molleda (2011), between the load to the wetland and its 
elimination rate (R2 = 0.98). 

Figure 5. Linearity of concentration and removal of BOD5. 

CONCLUSIONS
Indicator bacteria (FC) are effectively reduced by a SSVFCW reaching removals of 99.99%, 
i.e. in the order of 4.8 logarithmic units (MPN/100 mL); and regarding the BOD5 removal
average of 94.46% values are reached. These results are lower than those recorded in similar
wetlands of horizontal type with HRT.

The system is not destabilized in terms of FC and BOD5 removal by fluctuations in 
concentration of input, which corroborates that this type of wetlands can withstand pollutants 
concentration peaks without affecting its efficiency. 

The removal of indicator bacteria and BOD5 in this paper was conducted mainly in stage 1, so 
it is recommended to do a deeper analysis in terms of the size of such systems. 

Organic loading rates analyzed in the present work are low compared with rates that use 
systems on a large scale, so it is still studying whether the concentration of output reaches 
similar values of clearance when the organic rate increases.



REFERENCES
i. Arias C.A., Cabello A., Brix H., Johansen N.H. 2003. Removal of indicator bacteria from

municipal wastewater in an experimental two-stage vertical flow constructed wetland
system. Wat. Sci. Tech., 48(5), 35-41.

ii. Ávila S., Estupiñan S., Mejia A. y Mora L. 2014. La calidad bacteriológica del agua del
humedal Jaboque (Bogotá, Colombia) en dos épocas contrastantes. Caldasia, 36(2), 323-
329. DOI: 10.15446/caldasia.v36n2.47490.

iii. Brix H. and Arias C. 2005. Danish Guidelines for small-scale constructed wetlands
systems for onsite treatment of domestuc sewage. Water Sci. Tech., 51(9), 1-9.

iv. García J. and Corzo A., 2008.  Depuración con Humedales Construidos. Departamento
de Ingeniería Hidráulica, Marítima y Ambiental de la Universidad Politécnica de
Catalunya, Barcelona, España.

v. Gopal B. 1999. Natural and constructed wetlands for wastewater treatment: potentials and
problems. Water Sci. Tech, 40(3), 27-35. DOI: 10.1016/S0273-1223(99)00468-0.

vi. Jin S., Lin Y., Lee D. and Wang T. 2001. Using constructed wetland systems to remove
solids from highly polluted river water. Wat. Sci. Tech: Water Supply, 1(1), 89-96.

vii. Karathanasis A., Potter C. and Coyne M. 2003. Vegetation effects bacteria, BOD, and
suspended solid removal in constructed wetlands treating domestic wastewater.
Ecological Engineering, 20(2) 157-16. DOI: 10.1016/S0925-8574(03)00011-9.

viii.Kadlec R. and Wallace S. 2008. Treatment wetlands (2da Ed.). United States of America:
Taylor y Francis Group.

ix. Khatiwada N., Polprasert C. 1999. Kinetics of fecal coliform removal in constructed
wetlands, Water Sci. Tech, 40(3), 109–116. DOI: 10.1016/S0273-1223(99)00446-1.

x. Langergraber G., Pressi A. and Haberl R. 2014. Experiences from the full-scale
implementation of a new two-stage vertical flow constructed wetland desing. Wat. Sci.
Tech., 69(2), 335-342. DOI: 10.2166/wst.2013.708.

xi. Li Y., Yu J., Lui Z. and M. T. 2012. Estimation and modeling of direct rapid sand
filtration for total fecal coliform removal from secondary clarifier effluents. Wat. Sci.
Tech, 65 (9), 1615-1623. DOI: 10.2166/wst.2012.054.

xii. Molleda M. P. 2011. Aplicación de humedales construidos en la reducción de patógenos
y otros contaminantes en agua residual urbana y ganadera. Tesis, Universidad de Leon,
pp.150.

xiii. Song Z. W., Zheng Z.P. and Li J. 2006. Seasonal and annual performance of a full-scale
constructed wetlands system for sewage treatment in China. Ecol. Eng. 26(3), 272–282.
DOI: 10.1016/j.ecoleng.2005.10.008.

xiv. Vacca G., Wand H., Nikolausz M.Kuschk P. and Kastner M. 2005.  Effect of plants and
filter materials on bacteria removal in pilot-scale constructed wetlands. Water Research,
39(7), 1361-1373. DOI: 10.1016/j.watres.2005.01.005.

xv. Vymazal J. 2010. Constructed wetlands for wastewater treatment. Water, 2(3), 530-549.
DOI: 10.3390/w2030530.

xvi. Wang H., Jiang D., Yang Y. and Cao G. 2013. Analysis of chemical reaction kinetics of
depredating organic pollutants from secondary effluent of wastewater treatment plant in
constructed wetlands. Wat. Sci. Tech., 67(2), 353-358. DOI: 10.2166/wst.2012.521.



Parallel session 4 - Treatment wetlands 2 14:00-15:20
Session chair: Thomas Aubron

588 - Onsite one stage constructed wetland fed by raw wastewater: performances and resilience of the system 
DUBOIS Vivien - Irstea

296 - The new draft German constructed wetland guideline for treatment of domestic and municipal waste-
water 
RUSTIGE Heribert - AKUT Umweltschutz Ingenieure Burkard und Partner

496 - On-site wastewater treatment in France: statistical analysis of the outlet effluent quality of 240 facilities 
OLIVIER Laurie - Irstea

439 - Green Bio-sorption Reactor: Making wastewater treatment plant an attractive scenario 
ZHAO Yaqian - Xi’an University of Technology

Parallel session 5 - Treatment wetlands 3 15:40-17:00
Session chair: Mathieu Gautier

690 - Nkolfoulou landfill leachate treatment performances in VFCWs planted with Echinochloa Pyramidalis 
during dry season 
FENDOUNG Guy - IMT Atlantique

689 - Design parameters influence on pollution removal performance of full-scale constructed-wetlands 
treatments plants for domestic wastewater 
RODRIGUEZ VASQUEZ Sebastian - IMT Atlantique

641 - Electroactive Biofilm-based Constructed Wetland (EABB-CW): Testing of an innovative setup for waste-
water treatment 
ARIAS Carlos - Aarhus University

498 - Nutrients removals in vertical flow constructed wetlands combined or not with biological and/or 
chemical treatment processes 
KIM Boram - INSA Lyon, DEEP laboratory

Parallel session 6 - Treatment Wetland 4 17:20-18:20
Session chair: Tjaša Griessler Bulc

443 - The key factors of building a microbial fuel cell in a pilot-scale constructed treatment wetland 
TANG Cheng - Chang’an University

631 - Peat as substrate for small-scale constructed wetlands polishing secondary effluents 
CHAMPAGNE Pascale - Queen’s University, Department of Civil Engineering

688 - The effect of nitrification-denitrification process in one single stage Vertical Flow Constructed Wet-
lands (VFCW) treating domestic wastewater 
RUIZ Hernan - Institute Mines Telecom Atlantique

Tuesday 24 October
Salle G



Onsite one stage constructed wetland fed by raw 
wastewater: performances and resilience of the 
system.
Ref # S2SMALL-83775 

V. Dubois1, and P. Molle1.
1 Irstea, Freshwater Systems, Ecology and Pollutions Research Unit, 5 rue de la Doua, BP 
32108, 69616 Villeurbanne, France

* Presenting Author: vivien.dubois@irstea.fr

Keywords: onsite sanitation, constructed wetlands, performances robustness.

INTRODUCTION

Onsite sanitation systems in Europe are evaluated through a EU labeled procedure done on a 
platform test under a specific schedule of loads (EN 12566). Nevertheless this test procedure 
conditions does not represent the real conditions of treatment systems in term of wastewater 
characteristics and loads. On another angle, in France, systems implemented for capacities 
above 20 p.e. do not need EU labeled procedure but have to comply with performances 
requirements. For constructed wetlands, it leads to a situation where design for 21 p.e. can be 
more compact than for 15 p.e.. Some companies have fulfil EU labeled procedure for one 
stage vertical flow constructed design between 1.2 and 2 m² per habitant to implement more 
compact system. This study aims at evaluating, under real conditions the behaviour of a one 
stage unsaturated/saturated vertical flow constructed wetlands (as designed for small 
communities, Pringent et al., 2013; Silveira et al., 2015) and fed by raw wastewater (no septic 
tank). The objectives were to evaluate performances, robustness and resilience of the system 
when facing load variations.  

MATERIAL AND METHODS

The monitoring have been conducted on a unsaturated/saturated vertical flow constructed 
wetland treating the wastewater from 6 habitants family in the south of France (Crest, Drôme 
department). The system consists in: 

A pumping station receiving all wastewaters from the house (no screening) and
delivering batches to the treatment system. The batch feeding flow is of 3 m3/h for 
an average batch volume of 80 liters.

A unsaturated/saturated vertical flow constructed wetlands divided in two filters in
parallel to implement feeding and resting periods (one week/one week). The filters 
comprises a 70 cm of 2/6 mm crushed and washed gravel (unsaturated layer), an 
aeration pipe and a saturation layer composed of pea gravel (20/40 mm). The 
saturation layer has been tested between 22 and 40 cm of depth. Each filter has a 
surface of 7 m². 

Treated wastewaters are infiltrated into the ground in winter and reused for brush irrigation 
the rest of the year.



The monitoring, over one year and half, started after 3 years of operation and consisted in: 

Counting the number of people present in the house for the night, the lunch and the
dinner, every days. 

Measuring the daily flow by a pressure probe (STS) in the pumping station measuring
on a one minute time step

Performing 24 h flow proportional samples at the inlet/outlet of the system to analyse
global parameters (COD, dissolved COD, TOC, DOC, TSS, BOD5, KN, N-NH4, N-
NO2, N-NO3, P-PO4, TP). 31 campaigns have been done in different seasons. 

For some campaigns outlet online measurement of N-NO3/N-NH4 have been done
(WTW Varion).

RESULTS AND DISCUSSION

Characterization of habitant pollutant production

Wastewater characteristics observed on the site reveals that concentrations are much higher 
than the one usually used in EU labeled tests (see Table 1).

Table 1: Wastewater characteristics

Volume 
(L)

COD

(mg/l)

dCOD

(mg/l)

TSS

(mg/l)

BOD5

(mg/l)

KN

(mg/l)

N-NH4

(mg/l)

TP

(mg/l)

average 521 1853 467 1032 767 209 152 29

median 347 1780 470 1065 784 207 148 29

min
67

(150)* 

358

 (300)* 
53

213

(200)* 

530

(150)* 

29

(25)*

16.8

(22)*

5.5

(5)*

max
4397

(150)* 

2750

(1000)* 
708

1590

(700)* 

1100

(500)* 

330

(100)* 

252

(80)*

43.6

(20)*

(XX)*: Reference values for EU labeled tests

The hydraulic load received varies significantly with some huge loads (maximum of 4.4 m3/d 
representing a hydraulic load on the filter in operation of 63 cm/d) for very special events. 
Excepting the specials events, the daily volume production and classical variation within a 
day can be seen on Figure 1.



Figure 1. daily hydraulic load (left) and average hydraulic load distribution during the day 
(right)  

The average daily flow volume is of 290 liters per day. When comparing to human presence 
in the house each day, the generated daily volume per capita is of 54 liters in average (Figure 
2).

Figure 2. daily generated volume per capita

The measurements allow quantifying volume variations, which can double quite often even, 
for special events, be multiplied by 3 or more. The unique special event, with more than ten 
times the average hydraulic load, corresponds to a forgotten open tap associated with more 
people in the house. If this event can be seen as an accident and unusual situation it is 
important to evaluate if such an event can be accepted by the system or damage its 
functioning.   

Treatment performances 

Based on a 60g of BOD5/p.e./d and 150 g of COD/p.e./d the system received an 
corresponding organic load of about 4 p.e. (one habitant is not equal to a people equivalent) 
with a maximum monitored load of 10.5 p.e. Even in term of organic load, variations are 
important and sudden. 

Inlet outlet concentrations for all measured parameters are presented in Table 2. Whatever 
inlet concentration variations, outlet concentrations remain always low for carbon pollutant 
parameters, solids and nitrification. It allows realize the stability of the system regarding inlet 
hydraulic and organic load variations. Indeed, Figure 2 presents the organic and hydraulic 
load variations over consecutive days for two seasons. If hydraulic load remains globally low 
compared to what such system can accept (Molle et al., 2006), except for the exceptional 
event, the organic load vary a lot which could affect biological stability and efficiency.  



Figure 3 : organic and hydraulic loads variations over consecutive monitoring days for two 
seasons

Table 2 : Inlet – outlet concentrations during 24 h proportional flow composite samples campaigns

TSS 

(mg/l) 

COD 

(mg/l) 

CODd 

(mg/l) 

BOD5 

(mg/l) 

TOC 

(mg/l) 

DOC 

(mg/l) 

KN 

(mg/l) 

N-NH4

(mg/l)

N-NO2

(mg/l)

N-NO3

(mg/l)

TP 

(mg/l) 

P-PO4

(mg/l)

in out in out in out in out in out in out in out in out in out in out in out in out 

average 1032 10 1853 62 467 49 767 7 578 25 163 19 209 12 152 7.8 0.08 0.19 1.4 69 29 17 10 14 

Median 1065 9 1780 57 470 49 784 7 588 24 157 19 207 9 148 5.4 0.04 0.16 0.5 62 29 20 9 15 

Min 213 2 358 23 53 20 530 3 435 19 116 14 29 3 17 0.3 0.02 0.02 0.5 15 6 8 2 7 

Max 1590 22 2750 100 708 82 1100 16 762 30 240 24 330 29 252 22.5 0.51 0.53 5.1 148 44 23 20 21 

Nb of 
value 30 30 31 31 31 31 13 13 17 17 13 13 31 22 31 31 31 31 31 31 28 28 28 28 



Despite these high load variations, performances removal stay stable as it can be seen on 
Figure 3. It appears that removal performances are extremely stables with, on average, more 
than 98 %, 99 %, 94 % and 97 % for TSS, BOD5, COD and KN respectively. Even if the 
hydraulic load is usually low, organic load can reach values similar to nominal design of 
French vertical flow constructed wetlands (Molle et al., 2005). 

Figure 4: applied and treated loads on the filter in operation.

TN removal still not complete and no clear correlation can be done according to season. It 
appears that increasing the depth of the bottom saturation from 22 cm to 40 cm allowed to 
improve total nitrogen removal (Figure 3). With 22 cm of saturation TN removal is about 45 
% and not stable, while with 40 cm total nitrogen removal reached around 70 %. It is likely 
not possible, with such a unsaturated layer (70 cm), to reach better TN performances as the 
outlet available carbon is very low. Average and median outlet COD concentrations were of 
68 and 69 mgCOD/l when implementing a 22 cm saturation and of 46 and 45 mgCOD/l when 
implementing a 40 cm saturation depth. It is likely that those last values are close to the non-
biodegradable part of COD. 

Phosphorus is not correctly treated in the filter as no specific materials are implemented. Only 
40 % on average is removed and correspond mainly to the particulate form of P that is 
filtrated by the system.



Feeding the system with raw wastewater should lead to an organic deposit accumulation on 
the filter’s surface (Molle et al., 2005). Due to the low load applied, and despite that reeds are 
cut but not removed from the filter, it is no possible to measure a deposit layer depth after 5 
years of operation. Main of the deposit is mineralized, which easier the sludge management 
and confirm the interest in feeding the system with raw wastewater.  

CONCLUSIONS
The real scale monitoring over one year and half of an onsite constructed wetlands system 
allows to draw some global information.

In term of wastewater production and variation on a single house: 

Wastewater concentration characteristics are much higher than the one used in EU
labeled tests. Onsite system needs to face to higher concentrations.

There is not a proportional relation between the number of people in the house and the
amount of emitted water. The emitted volume per person is on average three times
lower than the reference value used in the EU labeled tests but can vary between 4 and
304 liters.

This could question the relevance of the EU test and the difference of treatment systems 
behavior between labelled test and real life.

Organic load variation can vary up to a ten factor from one day to another one and
requires treatment system to be robust and resilient to un-expected events.

In term of performances of the unsaturated/saturated vertical flow constructed wetlands 
tested, we noted that the system stay very stable whatever the variations observed during the 
monitoring. Removal performances are very high and outlet concentrations low and stable 
despite inlet variations. If performances are high for solids, carbon removal and nitrification, 
TN removal is impacted by the depth of the saturation level. The designed implemented 
seems not able to go higher than 70 % of TN removal as it doesn’t still carbon source for 
denitrification at the outlet. To reach higher level, design should be modified, balancing 
nitrification performances and TN removal.  
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Abstract

The German guideline for the dimensioning, construction, and operation of constructed 
wetlands for biological treatment of domestic and municipal wastewater, which last published 
in March 2006, is being updated. The guideline applies to small wastewater treatment systems 
of less than 50 Person Equivalents (PE) apart from EN 12566-3, municipal treatment plants 
(with combined or separated sewers), treatment systems which use constructed wetlands as a 
polishing step, and small wastewater treatment systems which are operated seasonally (summer 
months only). 

The revision is based on a wide range of experience gained in recent years in the use of 
treatment wetlands in Germany and in Europe. Prior to the revisions, the proposed changes 
were discussed in a public hearing in Potsdam, Germany in January 2014. The final revisions 
were released for public review in April 2016. The comments from the public review were
submitted in written form to the DWA working group in late 2016, and a follow-up meeting was 
held in early 2017. The finalized document is anticipated to be put into effect in mid-2017. 

Several constructed wetland designs appear for the first time in the new guideline. Two-stage 
unsaturated vertical flow gravel filters which receive raw wastewater in the first stage (based on 
experience in France) as well as two-stage unsaturated vertical flow filters receiving 
primary-treated wastewater (based on experience in Austria) are now included. The revisions 
also include new dimensioning for unsaturated vertical flow filters with lava sand as the main 
treatment media, as well as aerated treatment wetlands, both as secondary treatment steps.
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Recommendations are also provided for seasonally operated constructed wetlands, as well as 
constructed wetlands for graywater treatment.  With the publication of the new guideline, 
horizontal subsurface flow constructed wetlands are no longer supported as a secondary 
treatment stage in Germany, and are recommended only as a tertiary or polishing stage. 
Existing horizontal subsurface flow wetlands may continue operation, provided the systems are 
not hydraulically or organically overloaded, and that they continue to receive routine operations 
and maintenance.  This presentation will outline the key points of the newly revised 
DWA-A 262 German constructed wetland guideline. 
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INTRODUCTION
On-site sanitation refers to systems used for the treatment of wastewater from individual houses.
Almost 5 million of on-site wastewater treatment systems are listed in France.

France issues approvals based on a close analysis of the European Commission (EC) marking test 
results (EN 12566-3) or following a similar procedure for systems without EC marking. Until 
2009, only 4 “traditional” systems using soil treatment, sand or zeolite filters were allowed.
Latest changes in French regulation have permitted the commercialization of new systems: in
2017, more than 600 approvals from 60 constructors were issued in France. All systems are based 
on known processes in wastewater treatment and can be gathered in 3 processes families: 
Attached Growth Systems on Fine Media (AGSFM), Biofilm Systems (BS), or Activated Sludge 
Systems (ASS). 

An assessment of on-site sanitation systems began in 2011 to evaluate their efficiency. Data were 
collected from 240 on-site sanitation facilities in 22 French departments which cover 5 of the 6 
Water Agency territories. The parameters analysed at the outlet are TSS, COD, BOD5, NH4

+-N,
NO3

--N and TKN. 

The aim of this article is to describe the outlet effluent quality and explain the data dispersion by 
analyzing the impact of explanatory variables such as i) the sampling method, ii) the treatment 
processes, iii) the applied organic load, iv) the aging and v) the maintenance.  

MATERIAL AND METHODS
During 6 years, more than 1300 data were collected under standard conditions with two different 
sampling methods: 24h composite sample or punctual sample.  

A methodology to validate data was developed by Irstea and has permitted to remove 11.8% of
data; therefore the data analysis was carried out on 1286 validated data.  

Among the 3 families (AGSFM, BS and ASS), 13 treatment processes were identified to gather
systems based on common design characteristics such as the media (sand, zeolite, rock wool…).  

The organic load was not measured. Therefore, the daily load (in COD) has been recalculated 
based on the number of inhabitants, their activities (at home all day or outside) and the amount of 
pollution per person per day. A loading rate is established from the nominal capacity.



The studied facilities are between 1 year and 12 years old which permits to study the aging of the 
systems over time. 

The dataset obtained is heterogeneous i.e. different sampling methods, different wastewater 
treatment processes and a variability in the number of data per installation. Therefore, a statistical 
methodology has been implemented to compare systems within each other via an analysis of 
outlet concentrations of 6 parameters also called dependent variables (TSS, COD, BOD5, NH4

+-
N, NO3

--N and TKN).  

The two types of sampling, the different treatment processes, the recalculated loading rate and the 
aging are identified as explanatory variables; they enable to explain the outlet effluent quality. 

Each dependent variable has a quantification limit below which no value can be measured (i.e. 
left-censored data). The only statistical methodology which allows to process left-censored data 
is the analysis of generalized log-linear model.  

The equation of the model is: log( ) =  +  ×  
With:

Y : dependent variable
μ : 0 1.X1 + …) where Xi i are the
model coefficients
s : dispersion parameter

: normal residual error
In each subset of data (3 families, 13 processes, 32 systems), the model will identify the 
significant effects of explanatory variables for each of the 6 dependent variables.  

Another methodology has been implemented to assess the frequency of the sludge emptying and 
the corrective maintenance of 170 facilities based on the analysis of qualitative data by the “fuzzy 
logic”. This method analyzes rules created from sanitation expert judgment and compares the 
different levels of maintenance from each family, process and system.  

MAIN RESULTS AND CONCLUSIONS
Table 1 presents the number of validated data collected until 2016 for each process and family 
(1286). Between 2011 and 2016, 778 punctual samples and 508 24h composite samples have 
been collected. These processes have already been compared in terms of infiltration surface and 
daily applied surface organic load (Dubois 2017).   
Table 1: Number of data collected until 2016 for each family and each type of process

Attached Growth Systems on 
Fine Media Biofilm Systems Activated Sludge Systems

Media Number Types Number Types Number
Sand 149

Fixed bed 368
Classical* 37

Constructed wetlands 126
Without I settlement tank 84

Zeolite 139
Fluidized bed 13

Rock wool 102 With additional treatment 26



Coconut shaving 93
Biological discs 7 

Pine barks 3 SBR 139
TOTAL 612 TOTAL 388 TOTAL 286

*Classical = I settlement tank + biological reactor + II clarifier

High variability in outlet concentrations was observed; the TSS concentration can be 160 times 
higher than the median value and 33 times higher for COD concentration.  
The model shows significant differences between the 3 families, 13 processes and 32 systems. 
These results are easily explained by the pollution degradation processes.

Due to a large amount of data and a wide range of stakeholders involved, this study would have a
large impact on on-site sanitation in France and in Europe.  

Data processing and results interpretation will be completed in September. Results of the study 
will be presented for the first time during the on-site sanitation conference (Assises de l’ANC) in 
September 2017 in France and will be published shortly afterwards.  
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Introduction

Since the invention of the activated sludge (AS) process in 1914, it has been hitherto the 
mainstream process in urban wastewater treatment plants (WWTPs). Actually, the evolution
and improvement based on this technology has been ongoing along the industrialization and 
urbanization in the last 100 years. For instance, the introduction of the carriers, i.e., biological 
contact oxidation process (BCOP), moving bed biofilm reactor (MBBR), and integrated 
fixed-film activated sludge (IFAS), really enhances the performance and capacity of the 
conventional AS in accordance with the increasing wastewater quantity (Lewkowska et al., 
2016). Recently, a novel Green Bio-sorption Reactor (GBR) was proposed and studied in 
University College Dublin and its partner university in China. The GBR integrates an alum 
sludge-based constructed wetland with the AS but far more than their simple combination. As 
depicted in Fig. 1, this GBR comes in direct line of succession with the previous AS systems 
but with superior features (Liu et al., 2017). 

Fig. 1 Schematic diagram of the evolution of activated sludge systems and interaction with
the residents 
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Highlighted features of the GBR

The integration of constructed wetland and AS achieves “1+1>2” scenario. Specifically, the 
inherited and exclusive features of the GBR are summarized as follows: 1) Enhancing 
capacity/efficiency; The alum sludge acts as bacteria carriers to sustain more biomass, which 
undoubtedly increase the treatment capacity/efficiency. Moreover, some well-developed roots 
of the wetland vegetation are conducive to the biomass quantity; 2) Adsorptive material; In 
the current study of GBR, alum sludge, a robust phosphorus (P) adsorption material, was used 
as matrix in constructed wetland to enhance the P and/or other pollutants’ immobilization; 3) 
Carbon saving; The introduction of the P-adsorptive material (alum sludge) bears the 
possibility to replace the biological P removal process in AS, thereby saving the carbon source 
for nitrogen removal; 4) Aesthetic value & Carbon sink; The outstanding feature of GBR lies
in its highly aesthetic value because of the vegetation (flowers and plants). The GBR creates a
pleasing appearance of the wastewater treatment facilities, instead of ugly concrete in normal 
sense in people’s eyes. Moreover, the introduction of the plants makes this facility potential 
carbon sink and contributes to the carbon neutralization; 5) Bring harmony; As illustrated in 
Fig. 1, GBR holds the potential to be involved and incorporated into the residential area, 
rather than reserve a buffer zone or in an isolated area; 6) Waste recycle; The utilization of the 
alum sludge is in line with the theory of “recycle, reuse and reduce”. It is noteworthy that the 
alum sludge could be replaced by other functional waste materials.

Lab performance of the GBR

A lab-scale trial of GBR was preliminarily investigated based on a sequencing batch reactor. 
It has demonstrated a satisfying performance for domestic wastewater treatment, depicted in 
Fig. 2. 

Fig. 2 COD and nitrogen removal performance in the lab-scale GBR
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Introduction

In Cameroon, as many other cities in Sub-Saharan African Countries, land filling of 
Municipal solid wastes still the best waste disposal techniques. Alongside with high rainfall 
(1600mm/year) in the region, this generates landfill leachate worldly recognised as one of the 
major water pollutant source. Indeed, Nkolfoulou landfill leachate contributed to burn product 
in the gardens surrounding the site. Moreover, it was listed as the potential hazard for the 
population living around. According to that situation, the Yaounde city council exposed the 
wheal for improvement. Organics and nitrogen are the main compounds contained in landfill 
leachate that can contribute to water quality degradation when discharges in the environment. 
Since 1990s, Vertical Flow Constructed Wetlands (VFCWs) have been more and more 
popular in treating small scale domestic wastewater of less than Pe (> 2500 units in 2012) in 
temperate climate. However, few investigations were conducted on landfill leachate in 
subequatorial tropical countries like Cameroon. Furthermore, no reported study was made on 
the use of Echinichloa Pyramidalys to treat landfill leachate in VFCWs. However, 
Echinochloa Pyramidalis, local forage plant in Cameroon, was previously and successfully 
sequestrated COD and N in sludge bed dehydration (Kegne, 2008).  

The aim of this work was then to implement a small wastewater treatment plants (< 2000 Pe) 
made of a vertical flow constructed wetland (VFCWs) planted with Echinochloa Pyramidalis
to treat Nkolfoulou landfill leachate in Yaounde, Cameroon. The scientific approach consisted 
in monitoring pilot field scale during long dry season. Treatment performances (pH, 
Conductivity, MES, COD and N) were weekly monitored. 

Material and Methods

The experimental mesocosm consisted of 2 cubic plastic containers combined in series and 
filled with gravel and sand based on the vertical flow French system (fig 1). 12 rizhomes of 
Echinochloa pyramidalis were planted in each tank. The system has been monitored weekly
during 5 weeks From 03 december 2017 till 01 january 2017. Leachates coming from the 
storage pond in Nkolfoulou landfill site were fed with effluent according to batch loads (10 
batches of 20L per day during 3 days per week). Tank 2 was fed by gravity with outlet of 
tank1.
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Sample was collected at 3 different points: inlet of tank1 (EF1); inlet of tank2 (EF2) and 
outlet of tank2 (SF2). Analyses have been done according to standard method.  

Results and Discussion
The main results showed: (i) the fluctuation of temperature was stable between 26 and 33 °C. 
The pH at the outlet of tank2 were lower compare to inlet of tank1 and inlet of tankl2 and the 
evolution in time flow the evolution at the inlet of tank1. The maximum efficiency for COD
was observe during the first three weeks and decreased later. 
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Introduction

The aim of this work is to evaluate the influence of different design parameters on the 
performance of full-scale constructed wetland treatment plants. Performance data was 
recovered for 159 sites in France. The configurations of this plants are distributed as following: 
119 sites with the “French System” configuration, two vertical flow stages of treatment with 2-
2.5 m2/PE, 27 sites with the “Compact System” configuration, one vertical flow stage of 
treatment with 1,5 m2/PE, and 13 sites with several combinations of vertical and horizontal flow 
constructed wetlands and/or ponds. All the sites are for domestic wastewater treatment.

Material and Methods

The data relating to the performance of each of the sites was obtained by contacting the local 
authorities, SATESE, in charge of the monitoring and controlling of wastewater treatment 
plants in each department. The number of results for each site varied according to the capacity 
of the treatment plant and the local policies of the SATESEs, with an average of 4 results per 
site. The performance parameters considered in the survey where: TSS, COD, BOD5, TKN 
and, when available, TN, NH4, Nitrite, Nitrate and TP. 

As for design parameters, for each treatment plant the following information was recorded: 
location, start-up year, configuration, capacity (PE), type of sewer system (combined or 
separate), recirculation, nominal daily inflow, nominal loading rate and the characteristics of 
each constructed-wetland stage of the system: type of flow, area by PE, depth of the filtering 
layer and type of substrate. 

Obtained and Expected Results

A total of 655 results were obtained for the 159 constructed-wetland treatment plants. The 
results for the sites with the “French System” configuration correspond with current literature, 
with very good performances (>90%) for TSS, DCO, BOD5 and TKN, but lacking for TN and 
TP. A more detailed analysis of the data will be carried out with the aid of statistical software 
such as R or Minitab, to have a clear understanding of the influence of each of the design 
parameters in the treatment performance This will allow for the formalisation of design criteria 
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for responding to more restrictive performance demands and to identify potential leads for 
future research.
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INTRODUCTION
Constructed wetlands (CWs) performance enhancement can be achieved through the

coupling with Microbial Electrochemical Technologies (MET) (Doherty et al., 2015). MET are 
setups designed to mimic metabolic electrons exchange with insoluble donors and acceptors 
with the aid of electroactive bacteria (EAB) and external electrical circuits (Rabaey et al., 
2007). Esteve-Núñez (2015) proposed an alternative system using electro-conductive biofilters 
instead of the electrodes and circuits used in MET, resulting in the development of a Microbial 
Electrochemical-based Constructed Wetland (METland).  

The system relies on EAB metabolism to release/transfer electrons to an electro-conductive 
material that acts as an unlimited electron acceptor (Fig.1), thus boosting substrate 
consumption, and diminishing electron availability for biomass build-up and methane 
generation. Aguirre-Sierra et al (2016) tested a subsurface flow METland and reached removals 
up to 91% and 96% for COD and BOD5 (0.5 d HRT), and 97% and 69% for NH4 and TN (3.4 
d HRT), suggesting that the system can enhance the biodegradation rates. Based on these
findings, this work aimed to establish the capacity and removal rate kinetics for organic matter 
and nutrients in an Electroactive Biofilm-Based CW (EABB-CW).

Fig. 1. Concept of Electroactive Biofilm-based Constructed Wetland.

METHODS
The experimental setup consisted of 16 columns (h: 50 cm; Ø: 16 cm; packed vol.: 8.44 L)

installed in a greenhouse at Aarhus University, Denmark. Twelve of the columns were filled 
with two types of electro-conductive materials (6 columns each) and 4 columns filled with sand 
as a control. Half of the columns were planted with Juncus effusus to determine the effects of 
the plant. The setup was up-flow fed with primary settled pig manure supplemented with starch 
and molasses as extra carbon source (± 600 mg COD L-1). The test ran for 16 weeks, with 4
different organic loading rates (OLR) with 4 weeks of acclimation before sampling. Grab 
samples were taken from the inlet, outlet and along three different points of the column’s height 
for 3 consecutive days. pH, EC, Tº, DO, ORP, COD, BOD5, TOC, NH4, NO3, TN and PO4



were analysed following standard methods. Additionally, molecular techniques are being used 
to identify the presence of EAB.

RESULTS AND DISCUSSION
The results (Fig. 2) show BOD5 mass removal rates > 90% for OLR of 60 g m-2 d-1. From 

that point on, removal rates fell indicating the maximal capacity of the tested set-up. For COD
the removal rates are > 80% for OLR up to 30 g m-2 d-1, and reaching 60% at the highest OLR 
(170 g m-2 d-1). TOC removal followed a similar pattern, showing removal rates > 70% for a 
maximum inlet load of 23 g m-2 d-1. TN removal showed an erratic behaviour which could be 
related to the nitrifying limitations of the saturated flow systems. No differences were found 
between planted and non-planted columns. Further results of removal rates for NH4, NO3, PO4,
profiles of all the parameters and molecular analysis will be presented at the conference. 

Fig. 2. Load rate at inlet vs. removed for (a) BOD5, (b) COD, (c) TOC and (d) TN. Caption: A = 
coke PK-A; LSN = coke PK-LSN; S = Sand; +P = planted

CONCLUSIONS
The EABB-CW profiles as a suitable innovation for wastewater treatment, reaching removal 

rates of organic matter like in HSSF-CW but at OLR 10 times higher, and comparable with the 
performance of VF-CW. Further conclusions regarding the removal of nutrients and their 
relation with the presence of EAB will be presented in the conference.
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Abstract: The main objective of the present study was to perform statistical data analysis 
of several classical French vertical flow constructed wetlands (VFCW) combined or not 
with biological trickling filter and/or ferric chloride addition processes. Results of 
inlet/outlet 24h composite samples monitoring were collected from 14 full-scale treatment 
plants in operation for up to 12 years. The compilation of data was conducted to compare 
the treatment efficiencies with respect to the treatment plant size and the variations in the 
inflow wastewater composition. The results showed a relatively high homogeneity in the 
quality of the effluents released into the environment from different treatment plants, 
regardless of the surface size and inlet loads. This observation underlined the robustness of 
the treatment operations conducted in the different configurations of the plants.

Keywords: constructed wetlands; ferric chloride; nitrogen; phosphorus; statistical 
analyses; tricking filter

INTRODUCTION
The use of vertical-flow constructed wetlands (VFCW) for the treatment of domestic 
wastewater from small communities has been growing fast in France since the 1980s until 
recent years where the growth started to level off. This system has proven its good 
performances in organic matter removal and nitrification (Kim et al., 2014; Morvannou et al., 
2015). Recent research and development efforts have been essentially devoted to (i) design 
optimization (additional treatments, compact systems, etc.), (ii) total nutrient removals 
(nitrogen and phosphorus) and (iii) water reuse and sustainable resource recovery (Carvalho 
et al., 2017; Kim et al., 2015; Millot et al., 2016; Molle, 2014; Morvannou et al., 2017; Wu et 
al., 2014).

Compact VFCW systems combining trickling filter and ferric chloride injection to classical 
French-VFCW design, have been developed and patented by SCIRPE company under the 
general registered trademark AZOE® (Fig. 1). Kim et al. (2014) reported good efficiencies of 
nutrient removal in the oldest full-scale AZOE® treatment plant in operation. Nevertheless, 
the specific roles of the trickling filter stage and ferric chloride injection with regards to the 
site-dependent characteristics of the inflow are not yet fully known. In addition, the effects of 
the nature and composition of the inflow wastewater on the formation and evolution of the 
surface deposit layer, and the effects induced on the treatment performance, are also almost 
ignored (Kania et al., 2016).  

The objective of the present study was therefore to analyze series of inlet-outlet data collected 
from several classical and AZOE® French VFCW treatment plants, with regards to the 
characteristics of the feed and the treatment performance of the considered systems.



MATERIALS AND METHODS 
In the first place, 14 full-scale treatment plants (named as BAG1, BAG2, BAG3, SABAG, 
VIL, PRE, RAM, BAY, MIN, NEU, VER, ORB, COR and MAT) aged from 1 to 12 years 
were selected. The treatment capacities of these plants vary from 133 to 1100 people 
equivalent (PE). Data were gathered from existing available studies. The following 
parameters were analysed on 24h composite samples from the inlet and outlet of the plants 
according to standard methods: TSS, BOD5, COD, KN, NH4-N, NO3-N, TP and PO4-P.  

The selected plants were representative of 5 different categories of process chains (Fig. 1). 
The first category, corresponding to the basic design of “classical French VFCWs” (Classic-F
in Fig. 1), included treatments that were common to all 5 categories, namely two successive 
stages of VFCWs composed of two or three filter cells alternatively fed by batches. The four 
other categories, corresponding to the different AZOE® treatment chains all included an 
additional stage of aerobic biological trickling filter, and defined by the following 
specificities: 

- AZOE® was characterized by unsaturated filters designed to optimize OM
mineralization and nitrification;

- AZOE®-N was characterized by partly saturated filters designed to optimize nitrogen
removal via nitrification / denitrification

- AZOE®-P, was characterized by FeCl3 addition for phosphorus precipitation after
treatment on trickling filter

- AZOE®-NP combined partly saturated VFCWs and FeCl3 addition to optimize both
nitrogen and phosphorus removals.

Figure 1. Simplified diagrams of the five different process categories represented in the 
selected plants. [TF] and [FeCl3] show the “trickling filter” and “ferric chloride injection” 
stages, respectively.

The following parameters were gathered to characterize the different plants: date of 
implementation, sampling dates, inflow wastewater composition, nominal capacity (PE), total 
surface area of filters (m2), nominal ratio (m2 PE-1), hydraulic and organic loads on the 
operating bed (cm d-1 and g BOD5 m-2 d-1).

For statistical data analyses and visualisation, Pearson correlation coefficients and Principal 
Component Analysis (PCA) were performed using the R software package v 3.3.2. 



RESULTS AND DISCUSSION
I. Performance evaluation
The distributions of the different analytical parameters at inlet/outlet of studied treatment
plants are shown in Figure 2. Despite various general characteristics (the process type, the 
dimension, the age of the plant and possible particularities of each territory) and non-
negligible variations of inlet effluent concentrations, the performance of the selected plants 
were good and stable. The average removal efficiency for TSS, BOD5, COD, KN, TN and TP 
were found to be 98.1%, 98.1%, 96.5%, 91.2%, 96.2%, 61.6% and 53.8%, respectively. Those 
observations were comparable to classical performance of French VFCW (Morvannou et al., 
2015; Paing et al., 2015).

Figure 2. Compilation of inlet/outlet parameters of treatment performance gathered from 
different monitoring of 14 full-scale French VFCW treatment plants integrating or not 
additional treatments.



As expected nutrients were well retained and/or removed along the treatment chain. Outlet 
TSS, COD and BOD5 concentrations were found to be very homogenous. The possible 
influence of the additional treatments was not very visible. However small disparities
observed in the concentrations of TP, TN, KN, NO3

- and NH4
+ at outlet of the treatment 

plants compared to TSS, COD and BOD5 could be in part attributed to the difference of the 
treatment chain. More data would be necessary to explore the actual influence of the 
additional treatments and verify previous results obtained at pilot-scale (Kim et al., 2015a, b).  

II. Principal Component Analysis of the dataset
In order to better detect possible differences in the performance of the treatment plants, a
Principal Component Analysis (PCA) was performed. Preliminary study (results not shown) 
allowed to select 10 relevant variables namely: S1 (total surface of VFCW); inlet 
concentrations for TSS, COD, KN and TP; outlet concentrations for TSS, COD, KN, NO3-N
and TP. Results showed that the first three principal components were statistically significant 
with Eigen values > 1 and accounted for 61,7% of the inertia (Figure 3).  

Figure 3. PCA plots in the subspace defined by the first three principal components 
illustrating different parameters at inlet/outlet of 14 studied treatment plants: (top left)
variables on dimension 1 vs 2; (top right) variables on dimension 3 vs 2; (bottom left) 
individual data on dimension 1 vs 2; (bottom right) individual data on dimension 3 vs 2. 



Main observations obtained from this PCA were that the outlet concentrations of the treated 
effluents were relatively stable despite non-negligible variations of inlet concentrations and a 
positive correlation between outlet concentrations of COD and KN. Outlet concentration of 
nitrate nitrogen could not be well represented by available dataset for the moment. 

Individuals PCA highlighted particular parameters at inlet/outlet of treatment plants. Effluents 
from RAM and MAT were found to be particularly different from others. Effluents from all 
other treatment plants were very similar with few disparities for ORB, BAY, BAG1, BAG2 
and MIN in a less extent. VER which was the treatment plant with the highest number of 
monitoring by 24h composite sampling exhibited horizontal spread of individual data on 
dimension 1 vs 2 highlighted the changes of the quality of the inlet wastewater with time.

CONCLUSIONS
The compilation of data from several monitoring (in total 135 of 24h samplings) of 14 full-
scale French VFCW treatment plants was conducted to compare the treatment efficiencies 
with respect to the variations in the inflow wastewater composition. The results showed a 
relatively high homogeneity in the quality of the effluents released into the environment from 
the treatment plants, regardless of the fluctuations observed in the quality of the inlet 
wastewater. This observation underlined the robustness of the treatment operations conducted 
in the different configurations of the plants. 

The data gathered in this study should provide relevant information related to the possible 
relationships between the characteristics of the treatment plants, their treatment performance 
and the properties of their surface sludge layer, which controls at least in part the efficiency of 
the treatment.
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INTRODUCTION
Constructed wetland (CW) is a kind of environmental friendly technology for wastewater 
treatment. Pollutants in many kinds of wastewater can be removed by CWs efficiently 
(Vymazal 2009). Microbial fuel cell (MFC) is a developing technology that generating 
electric power depended on electricity generating microbes. Waste water treated by MFC can 
be regarded as energy saving strategy in waste water treatment. The integrated system of 
microbial fuel cell-constructed wetland (MFC-CW) is a promising two-prong technology for 
wastewater treatment and simultaneous bioenergy generation (Yadav 2012). Therefore, 
maintenance of desirable conditions for MFC is very important. 

According to basic principle of MFC, it’s essential to build a potential gap between anode and 
cathode in MFC. In up-flow CW, the potential of water body keeping reducing because of low 
level of dissolved oxygen (DO). Water body on the top level where embedded cathode in CW 
contact with air directly and oxygen in the air may increase the potential of water body (Zhao 
2013). Increasing and maintaining the potential of cathode compartment is one of the key 
factors for building MFC in CW. 
Increased studies have reported the enhanced performance of MFC-CW. Up to now, lab-scale 
MFC-CW with net liquid volume fewer than 30L were built in most of these studies (Fang 
2016; Xu 2016). The size of MFC-CW must to be enlarged for practical application. 
Pilot-scale MFC-CW is one of important fields to be studied in the future.  

MAIN METHODS
A pilot-scale MFC-CW was built in a plastic bucket with the size of 330mm in length and 
width, 800mm in height. CW was designed as the up-flow mode while dewatered alum sludge
(DAS) from drinking water treatment plant was employed as the wetland substrate. Gravel in 
diameter of 50mm in the bottom of CW was the support medium for influent distribution. 
Substrate layer was on the top of support medium with 700mm depth. The net liquid volume 
of MFC-CW was 30L. Synthetic waste water (480mg/L COD, 30mg/L ammonium, 24mg/L 
phosphate) was feed continuously from bottom of CW by a peristaltic pump and went out 
from the top with hydraulic retention time (HRT) of 1.5 days. 



MFC was consist of four anodes and one cathode.  All of anodes were made of stainless steel 
mesh (SSM) and the cathode was made of SSM attached carbon felt. Four anodes of MFC 
embedded in different depths (600, 500, 400, 300mm for Anode 1, 2, 3, 4) in CW. The 
cathode was curved to reversed U shape and was fixed on the top of CW. Anodes were 
connected to cathodes with insulated copper wires through a 12.6K external resistor. There 
was a Water flow recirculation from interface of water and air to the top of cathode electrode. 
Air sparger was installed under cathode section as optional aeration. The MFC-CW was 
operated in three conditions in cathode section: 1) circulation of wastewater flow in cathode 
section; 2) aeration in cathode section; and 3) circulation with aeration in cathode section. 
MFC-CW operated without wastewater flow circulation and aeration in cathode section was 
regarded as control. Voltage across the external resistor was measured daily using a handheld 
multimeter. Potentials of electrodes were measured by a reference electrode (Ag/AgCl 
reference).

MAIN RESULTS
MFC-CW was running under continuous flow mode for more than 200 days. The potentials of 
each electrode and voltage drop across each resistor under different cathode conditions are 
shown in Fig. 1. The potentials of all anodes and cathode were similar in control system (Fig. 
1A). Potentials of all electrodes under -400mV show that the whole system was in anaerobic 
environment (Oon 2015). There was no obvious difference of potential gap between anodes 
and cathode. Voltage between any anodes and cathode was below 100 mV even in open 
circuit. Heterotrophic microbe was growing up on cathode electrode and interface of water 
and air after one week after CW started running. The microbe had a negative affect for 
maintaining low voltages between anodes and cathode in control system. So it’s very hard to 
build MFC in the control system.  

The electrical potential of cathode increased dramatically after aeration was added. Increasing 
DO concentration could level up potential of water body in cathode section. Each anode was 
connected to cathode individually. The maximum voltage was generated between Anode 1 
and cathode which is close to 400mV because Anode 1 situated in the lowest level among all 
anodes. DO diffusion by aeration could affect desirable reducing environment of anodes 
section which situated closer to aeration position. The anodes in higher level got higher 
electrical potential (Fig. 1A). This leaded a decreasing trend of voltage generated in different 
anodes between the cathode which shown in Fig 1B. There was a descending order of voltage 
generation from Anode 1 to Anode 4. The fluctuation of voltage between Anode 4 was larger 
than Anode 1 also proved the effect of aeration. 

Water flow circulation in cathode section increased potential of cathode without affect any 
anodes. The potentials of all anodes were keeping in -500mV similarly while cathode 
remained higher. Potentials of Anode 1,2,3 kept in same level all the time which slightly 
lower than Anode 4 (Fig. 1A). Voltages between different anodes and cathode were much 
higher than aeration. The maximum voltage generated in Anode 1 was about 560mV (Fig. 
1B). In this operating condition, cathode surface was kept damp. Protons could move 
everywhere on cathode through water flow. Damped cathode enlarged active contact area of 
water body and oxygen which following basic principles of MFC. Oxygen could be reacted 
with protons on surface of cathode more easily than aeration because of larger reactive 
surface area. On the other hand, continuous water flow circulation in cathode section 
promoted oxygen diffusion but not as strong as aeration. So potential of cathode kept in 
50mV which regarded as oxidized redox condition. Circulation didn’t affect redox conditions 



of anodes too much even Anode 4 which the potentials of anodes were close to control system 
or even lower. All of these completed active circuit of MFC in CW that enhanced 
bio-electrical reaction.

Aeration and water flow circulation have synergistic effect on enhancing potential of cathode. 
Potential of cathode increased to maximum which was about 150mV while aeration and 
circulation were running simultaneously (Fig. 1A). Compared to aeration condition, potentials 
of all four anodes were lower because of stronger MFC reaction promoted by aeration and 
circulation, but higher anodic potentials than circulation system as oxygen diffusion by 
aeration. Maximum voltage was 680mV which generated between Anode 1 and cathode. 
Voltage between Anode 4 and cathode in circulation condition was larger in aeration and 
circulation (Fig. 1B). Potential fluctuation of Anode 4 was larger than other three anodes in 
the three conditions (aeration, circulation, aeration and circulation). These reflect aeration has 
negative effect on MFC reaction where anode is close to aeration position. 

Figure 1. Potential (A) and voltage (B) generation of each anode at different cathode 
conditions

CONCLUSIONS
Overall, the results showed: (i) With regard to the different depth of the anodes in vertical 
flow CW, redox condition of cathode in the CW remained the same; (ii) Both aeration and 
circulation could bring about the favourable operation of CW-MFC. (iii) Aeration added with 
circulation in cathode section in CW-MFC could lead to the highest voltage (680mV) 
generation in this study; (iv) Circulation damped cathode surface that enlarging active area 
and complete better circuit of MFC. Aeration has negative effect on anodes where close to it 
which lead higher and more fluctuation in anodic potential. 
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INTRODUCTION
Constructed wetlands are considered to be a green and naturalized passive wastewater 
treatment technology, and has been used to treat different kinds of wastewaters for decades, 
such as domestic or municipal wastewater (Jácome et al., 2016; Pandey et al., 2013),
industrial wastewater (Paing et al., 2015; Saeed & Sun, 2013), river and lake water (Martín et 
al., 2013; Mawuli et al., 2015; Rai et al., 2013; Saeed et al., 2016), groundwater (Stefanakis et 
al., 2016), landfill leachate (Sim et al., 2013), highway runoff (Zhao et al., 2016), and airport 
runoff (Murphy et al., 2015). They take advantage of many of the same processes that occur 
in natural wetlands, but do so in a more controlled system (Kadlec & Wallace, 2008). Up to 
date, surface flow and subsurface flow constructed wetlands are the two main categories that 
separate constructed wetland applications (Pandey et al., 2013). In recent years, subsurface 
flow constructed wetlands have been extensively studied, as the treatment efficiency (in terms 
of pollutant mass removal per unit area) is typically higher than that of surface flow wetlands. 
Alternative influent feeding modes, such as tidal flow, step feed, and upflow mode, have also 
been invented to further enhance removal performance. However, free water surface (surface 
flow) constructed wetlands represent the oldest wetland configuration, and have proved to be 
an effective treatment method for a variety of wastewaters. Despite the relatively low 
treatment efficiency compared to subsurface flow constructed wetlands, the low construction 
cost and low maintenance requirements are desirable for small municipalities with restricted 
financial ability, especially when dealing with micro-polluted wastewater or secondary 
effluent from a treatment plant.

Peat is an organic substrate with a dynamic structure containing mostly humic substances. 
Previous studies (Gunes, 2007; Kasak et al., 2015; Lizama Allende et al., 2012; Saeed et al., 
2012) have been done applying peat in constructed wetlands, but most of them only focus on 
the nutrients removal. As an organic substrate with acidic properties, peat could be used to 
attenuate high pH wastewater such as alkaline mine drainage and algal-induced elevated pH 
secondary effluent. A study conducted by Jin et al. (2017) concluded that peat is a great 
option in terms of attenuating wastewater pH level by using a wetland system.

T. latifolia (Cattail, Broad-leaved cattail) is an common emergent plant which has been
reported in CWs from all continents except Central and South America, and it is the most
widely presented vegetation species across North America (Vymazal, 2013). They can grow
aggressively and tend to out-compete other species planted in constructed wetlands. However,
their relatively short growing period and advanced extensive branching horizontal rhizome
system are ideal for constructed wetlands as they can significantly reduce the nutrients



concentrations through nutrient uptake and increase the rate of sedimentation by reducing 
current velocity. 

Quite a few comparative studies of constructed wetlands were published to compare the 
treatment performance attained by applying different substrates or vegetation, and most of 
these studies were focused only on the comparison between either substrate or vegetation 
solely (Calheiros et al., 2009; Saeed & Sun, 2011; Saeed & Sun, 2013; Schierano et al., 2016; 
Sehar et al., 2015; Toscano et al., 2015). Very few comparative studies were concentrated on 
comparing the effects of substrate and vegetation both alone and together. This kind of study 
could identify the role that substrate and vegetation plays in constructed wetland applications 
as well as further understand the treatment process that occurs in wetlands. 

The objective of this paper was to assess the ability of peat and T. latifolia to attenuate the 
secondary effluent with elevated pH levels in small-scale surface flow constructed wetlands to 
attenuate the secondary effluent with elevated pH levels at the Amherstview Water Pollution 
Control Plant (WPCP) in southern Ontario, Canada. The individual treatment contributions of 
T. latifolia L. and peat to this treatment system, as well as the treatment efficiency of the two
components combined, were also analyzed and compared in this study. One outcome of this
research is to provide design recommendations for those who would like to both reduce the
nutrient concentrations and pH level in surface flow constructed wetlands.

METHODS
There are three consecutive wastewater stabilization ponds following the extended aeration 
biological treatment cells at the Amherstview WPCP (Figure 1), and the wastewater applied 
in this study was from the influent of the second wastewater stabilization pond, which was 
deemed to be a secondary effluent from the treatment plant. The wastewater was pumped into 
three wetland reactors using a Pentair centrifugal pump at the field.

Three outdoor small-scale surface flow wetland reactors were built on-site at the 
Amherstview WPCP, and each wetland reactor was constructed within an open top cylindrical 
high-density polyethylene (HDPE) tank with a volume of approximately 6485L (diameter: 
2.13m, height: 1.82m). Three 5cm holes were made at three separate sides of each tank using 
a hole saw to act as the inlet, outlet, and drain. The height of the inlet, outlet, and drain of 
each reactor are 200mm, 600mm, and 50mm, respectively. The inlets and outlets were located 
opposite to each other, and the drain was located at the other side of the tank.  

Locally available substrate and vegetation were used in this study. Sphagnum peat moss was 
purchased from the Home Depot in Kingston, Canada, and was applied in this experiment as 
substrate that could potentially attenuates high pH effluents. The porosity was determined by 
dividing the volume of water required to fill the void spaces in the substrate by the volume of 
the substrate. Typha latifolia was collected from the Bayview Bog Field Site (BBFS), which 
is a natural wetland complex located in Loyalist Township and governed by the Cataraqui 
Region Conservation Authority (CRCA). They were transplanted to the wetland reactors 
immediately after the collection. It was recognized that because the Typha latifolia was 
transplanted from a natural wetland, some of the native soil was inevitably brought to the 
reactors to hold down the plants during the transplantation process. The amount of native soil 
in the reactor was minimized by cleaning off the roots of the stalks as well as possible without 
causing damage.

The configurations of each wetland reactor are listed above. 

Treatment 1 (T1) - Sphagnum peat moss and Typha latifolia treatment 



Treatment 2 (T2) - Typha latifolia only treatment 

Treatment 3 (T3) - Sphagnum peat moss only treatment 

Reactor T2 contained Sphagnum peat moss substrate only, and the height of the substrate 
level was 20 cm. Reactor T3 contained Typha latifolia only, and approximately 20 stalks of 
Typha latifolia were transplanted to this reactor. Reactor T1 contained both a 20 cm 
Sphagnum peat moss layer as well as approximately 20 stalks of Typha latifolia in the reactor. 
All three wetland reactors had a same free water level of 40 cm on top of either substrate or 
bottom of the tank (Figure 1 and 2).  

Figure 1. Experiment set-up at the Amherstview WPCP

Figure 2. Schematic design of the experiment and treatment processes flow of the 
Amherstview WPCP

Wastewater was pumped into the system from the influent of the second wastewater 
stabilization pond of the Amherstview WPCP using a Pentair centrifugal pump. Wastewater 
flowed from this pump and distributed equally into the three wetland reactors, which were set 
up in parallel. 2” and 1” polybutylene pipes were used to connect the influent and effluent 
tubing near the location of the reactors, and 1” PVC pipes were applied to connect the 
polybutylene pipes and the reactors. A ball valve was placed before the inlet and after the 
outlet of each wetland reactor to control the flow.  

The hydraulic residence time (HRT) of each cell was set to a constant value of 2.5 days for 
the duration of the experiment. After the establishment of the substrates and vegetation, the 
systems were operated and fed with secondary effluent wastewater. The experiments were 



separated into two seasons as the systems were frozen during the entire winter, and sampling 
was not available in that period. In the first experimental season, the system was fully 
operational on September 29th, 2016, and samples were collected between October 3rd and 
November 17th, 2016. In the second experimental season, the system was fully operational on 
May 10th, 2017, and data were collected between May 17th and July 5th, 2017. 

During experimental analyses, wastewater samples were collected on a bi-weekly basis every 
Monday and Thursday during the first period of the experiment, and on a weekly basis every 
Wednesday during the second period of the experiment. Samples were kept in a refrigerator at 
4°C until all laboratory testing could be completed, and were analysed in duplicate. For each 
sample, analysis was carried out for pH, chemical oxygen demand (COD), ammonium (NH4-
N), nitrate (NO3-N), phosphate (PO4-P), total nitrogen (TN), and total phosphorous (TP). 
During the second period of the experiment, alkalinity, and total suspended solids (TSS) were 
also measured. pH was analysed using a Fisher Scientific accumet XL60 benchtop meter with 
Fisher Scientific pH probes. NH4-N, NO3-N, and PO4-P concentrations were analyzed using 
a Hach model DR 2800 spectrophotometer according to APHA Standard Methods. TN was
measured using the Hach TNT Persulfate Digestion Method no. 10072. TP was measured 
using the Hach PhosVer® 3 with Acid Persulfate Digestion Method 8190. COD was analyzed 
with the same spectrophotometer according to APHA Standard Methods. 

Normality tests were performed to verify whether the distribution of data approximated 
normality. Both graphical (histogram and normality plot) and statistical (skewness and 
kurtosis) methods were used to determine the data distribution. When data approximated 
normality, the data were analyzed through one-way analysis of variance (ANOVA) to 
illustrate the statistically significant difference (p value < 0.05) of the means across all 
treatments at a significant level of 0.05. When significant difference was observed, post-hoc
comparison analysis (Bonferroni test) was performed to determine the statistically significant 
difference between treatments at a significant level of 0.05 as well. When the data did not 
approximate normality was observed, a non-parametric statistical analysis, Mann-Whitney 
test, was performed to determine the variance between treatments. 

MAIN RESULTS 
Table 1 and Table 2 provide the mean effluent pollutant concentrations and mean pollutant 
removal efficiency in three wetland reactors during season 1 and season 2, respectively. 
Standard deviations are indicated in the bracket. The average HRT is 2.5 days, and the 
average influent hydraulic loading rate is 0.16 m3/m2d for each reactor. 

Overall, the results showed pH can be effectively reduced in all reactors in both experiment 
seasons. Higher NO3-N and TN removal percentages were recorded in season 2 compared to 
season 1. Also, PO4-P and TP removal efficiencies were significantly enhanced in reactors 
where peat is presented in season 2 as well. However, due to the low influent COD 
concentrations, introduction of peat and cattails increased the effluent COD levels in all 
reactors. The wetland achieved better overall performance across the reactors in season 2 
compared to season 1, as more acclimate time might be required at the beginning of the 
experiment to allow the reactors to perform. Detailed performance comparison of the removal 
of each individual pollutant is discussed in the following sections. 

Table 1 and Table 2 showed that pH can be effectively reduced across the reactors in both 
experiment periods. T3 demonstrated the best overall pH attenuation performance as its 
reduced the pH from 7.43 to 6.39 and 8.73 to 7.08 in two treatment seasons, respectively. 
Promising pH attenuation was showed in T1 in the first treatment season, but the performance 
went down in the second treatment season compared to other treatments, though it is still able 



to reduce the pH from 8.73 to 7.90. The pH attenuation performance was stable in T2 and T3, 
and the pH level of both increased approximate 0.7 when the influent pH level rise from 7.43 
to 8.73. However, there was a significant pH increment in T1 as the pH level increased by 
1.65.

Table 1. Mean pollutant removal performances across the wetland reactors (Treatment season 
1). Please note that the standard deviation of pollutant concentration is indicated in the bracket

Unit Influent Peat + Cattails 

T1

Cattails

T2

Peat

T3

Effluent 
Conc.

Efficiency

%

Effluent 
Conc.

Efficiency

%

Effluent 
Conc.

Efficiency

%

pH 7.43 (0.41) 6.25 (1.09) 7.12 (0.24) 6.39 (1.27)

COD mg/L 14.15 (14.55) 49.15 (39.59) 15.90 (5.66) 44.02 (42.24)

NH4-
N 

mg/L 0.10 (0.08) 0.23 (0.22) 0.09 (0.04) 10% 0.22 (0.22)

NO3-
N 

mg/L 0.83 (0.32) 0.61 (0.26) 26.5% 0.52 (0.20) 37.3% 0.71 (0.31) 14.4%

TN mg/L 8.75 (2.80) 8.21 (2.11) 6.17% 5.14 (2.58) 41.2% 8.68 (1.56) 0.8%

PO4-P mg/L 0.71 (0.13) 0.70 (0.28) 1.4% 0.59 (0.13) 16.9% 0.82 (0.22)

TP mg/L 2.90 (1.83) 3.42 (2.29) 2.27 (2.47) 18.2% 3.74 (1.95)

Table 2. Mean pollutant removal performances across the wetland reactors (Treatment season 
2). Please note that the standard deviation of pollutant concentration is indicated in the bracket

Unit Influent Peat + Cattails

T1

Cattails

T2

Peat

T3

Effluent 
Conc.

Efficiency

% 

Effluent 
Conc.

Efficiency

% 

Effluent 
Conc.

Efficiency

%

pH 8.73 (0.11) 7.90 (0.90) 7.85 (0.86) 7.08 (0.36)

DO mg/L 6.00 (1.13) 6.95 (1.48) 7.05 (2.19) 6.55 (0.07)

COD mg/L 12.20 (7.60) 49.00 (13.62) 24.40 (4.76) 49.80 (13.13)

NH4-N mg/L 0.20 (0.32) 0.97 (0.33) 0.47 (0.36) 1.69 (0.53)

NO3-N mg/L 7.50 (1.26) 1.90 (1.64) 74.7% 1.56 (1.67) 79.2% 1.90 (1.18) 74.7%

TN mg/L 10.14 (0.80) 2.59 (1.85) 74.5% 1.73 (0.99) 82.9% 3.33 (1.31) 67.2%

PO4-P mg/L 0.75 (0.14) 0.31 (0.22) 58.7% 0.67 (0.23) 10.7% 0.38 (0.21) 49.3%

TP mg/L 1.29 (0.33) 0.77 (0.32) 40.3% 1.13 (0.25) 12.4% 0.87 (0.27) 32.6%

Due to the natural of shallow wastewater stabilization pond, which aerobic condition is 
prevailed at the Amherstview WPCP, NH4-N can be easily oxidized to nitrite (NO2-N) or 
NO3-N. Therefore, influent NH4-N concentrations was consistently low throughout the 
seasons. As a result, removal of NH4-N in the following treatment process is very hard to 
achieve. In this experiment, only T2 was able to further remove the NH4-N in season 1, and 
only 10% of removal efficiency was registered. Other than that, NH4-N concentrations were 
increased in all other scenarios. Dissimilatory nitrate reduction is a reduction process that 
could reduce NO2-N and NO3-N to NH4-N under carbon-rich environments (Kadlec & 
Wallace, 2008), and this process could well occur in reactors with peat. 



Despite the limited ability to remove NH4-N from the secondary effluent, high NO3-N and 
TN removal efficiency were recorded. Maximum NO3-N and TN removal efficiency of 
37.3% and 41.2% in season 1, and 79.2% and 82.9% in season 2 were achieved across the 
reactors, respectively. The results indicated that plants have bigger impact than substrate in 
term of nitrogen removal in wetland reactors. The nitrogen removal performance of T1 and 
T2 was always better than T3. In a typical wetland reactor, denitrification and plant uptake are 
two main pathways to remove NO3-N and TN, and it seems plant uptake could significantly 
enhanced nitrogen removal in this study. Although no negative NO3-N and TN removal 
efficiency was observed, nitrogen leaching might still occur during the season 1 as both T1 
and T3 had very low TN removal compared to T2. One possible explanation could be the free 
nitrogen attached to the peat was flushed to the reactors during the first season, which 
comprises the nitrogen removal ability in T1 and T3 in the first season. In addition to 
leaching, cold climate might also contribute the low nitrogen removal in constructed wetland 
reactors in the first season as both NO3-N and TN had significant higher removal efficiency in 
season 2 than season 1 across all reactors. Several studies have reported low nitrogen removal 
efficiency in cold climate, and the result from our study in accordion with their results. In 
season 1, most of the transplanted cattails began to switch to the dormant status, therefore,
decaying plant materials accumulated in the reactors could release nutrient back to the water 
column that reduce the removal efficiency as well. However, season 2 was the growing 
season for cattails, and they required more nutrients from water to support their growth, which 
enhance the nitrogen removal. 

The overall phosphorous removal efficiency was weak in season 1, and only T2 manage to 
reduce both PO4-P and TP concentrations. T1 was only able to remove PO4-P by 1.4%, and 
T3, even worse, had higher effluent concentration than influent. The introduction of peat was 
responsible for the low removal efficiency in the first season as the mobile phosphorous that 
loosely attached to the peat can be easily released to water phase, which contributed to a 
higher effluent phosphorous concentration. The decaying plant material might also release 
phosphorous to the effluent as well, but this has less impact to the reactors compared to peat 
as T2 was able to remove both PO4-P and TP from the reactor in the first season. However, in
season 2, T1 and T3 were more effective than T2, and they were able to reduce both PO4-P
and TP with a maximum PO4-P and TP removal efficiency at 58.7% and 32.7%, respectively.  

Peat is well-known to be a phosphorous sink, and this porous material has strong phosphorous 
retention ability benefits from their physical and chemical properties. Our previous bench-
scale study (Jin et al., 2017) demonstrated that both PO4-P and TP can be effectively removed 
by wetland configuration reactor under different HRT and organic loadings The phosphorous 
removal results in accordance with other studies that seasonal variations do occur, and the 
most efficient reduction occurs in summer, whereas the least efficient reduction occurs in 
winter. Also, various forms of phosphorous exists (orthphosphates, organic soluble 
phosphates, and particulate phosphorous), and not all of them were removed in the same way 
by plants and substrates (Ciria et al., 2005).  

The influent secondary effluent from wastewater stabilization pond has a relatively low COD 
level, and all reactors were unable to further remove COD concentrations. The results 
indicated that the presence of peat had a bigger impact than cattails. T2 only slightly increased 
the COD level in season 1, whereas T1 and T3 significantly rise the COD level to 49.15 mg/L 
and 44.02 mg/L, respectively. The COD level was maintained in season 2 and only slightly 
increased occurs in T3. Although peat properties various depends on the location they come 
from, typically, peat has a high organic as well as carbon contents as a result of the formation 
of peat. Therefore, leaching organic and carbon contents will inevitably happen when you 
apply organic substrate (peat) in wetland reactors. Because the influent COD level is quite 



low in this study, the effluent COD concentrations were significantly higher than influent. 
The weak ability to remove COD by peat was also concluded by Kõiv et al. (2009), who 
employed a peat-filled substrate filter to treat landfill leachate and municipal wastewater, and 
only 17% of COD removal efficiency was recorded when influent COD concentration well 
above 500 mg/L. Despite the inability to directly remove COD from wastewater, peat can 
provide additional carbon source to facilitate the removal of nitrogen as additional carbon is 
required by denitrification process. Our results proved that additional source of carbon did 
enhance the nitrogen removal efficiency, especially in season 2, as the minimum TN removal 
efficiency of 67.2% was achieved across all reactors.

CONCLUSIONS
Overall, all treatments in this study successfully demonstrated their ability to effectively 
attenuate high pH effluents under both experiment seasons. The presence of cattails had great 
influence in term of nitrogen removal, whereas the presence of peat had much more impact on 
phosphorous removal. Due to the low organic loading, COD removal was not achieved in all 
treatment in both experimental seasons. Climate conditions did affect the overall treatment 
performance of wetland reactors, and the reactors performed better in warmer conditions. 
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Introduction

The use of treatment wetlands (TWs) regarding domestic wastewater from small villages (less
than 2000 p.e) has followed an exponential increase over the last decades in France. The 
classical French VFCW fed intermittently with raw wastewater consisting of two stages allows
good performance removal in terms of TSS, COD and TKN, but is also known to have low
denitrification rates.
The use of a combination of aerobic and anoxic/anaerobic conditions could improve the
denitrification activity within TW system (Prigent et al., 2013). Furthermore, the use of reactive
materials can increase the ammonium removal and improve nitrification for further 
denitrification process (Wen et al., 2012).
The aim of the study was to evaluate the efficiency of total nitrogen removal in VFCW
combining unsaturated and saturated layers in one single stage. The use of zeolite in the upper
part of the filter should enhance the ammonium removal by adsorption process and biological 
regeneration of zeolite could be achieved by nitrification process. The denitrification process 
will be influenced by the C/N ratio and the retention time in the saturated layer.

Material and Methods

The experimental site is located on a full-scale CWs system (L’Encloître, France) which allows 
the use of real raw domestic wastewater. Experimental setup consisted of two pilot scale VFCW 
(2.3 m2), which were operated during 24 months. An unsaturated-saturated compact vertical 
flow pilot having gravel as a main filtration layer (Ø 2-4 mm) was compared to a compact 
vertical flow pilot filled with natural zeolite (Ø 2-5 mm) instead of gravel. Pilots were fed under 
regular feeding/resting periods (3½/7 days) and the nominal loading rate was of 300 g COD m-

2 d-1 and 33 g.N.m2.d-1 in the operating filter.
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Results and Discussion

Overall results show a good treatment efficiency of domestic wastewater by the two pilots with 
more than 90% and 85% removal rate in average for TSS and COD for both filters respectively. 
Results also showed an increase of 10% on TN and NH4

+-N with the use of natural zeolite. The 
overall removal observed for zeolite pilot seems to be linked to the effect of the ion exchange 
and adsorption properties of zeolite. 
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Abstract

In Austria, about 95 % of the population are served by 1'840 wastewater treatment plants (WWTPs) 
with design size > 50 population equivalent (PE). Besides, there are about 27'500 small WWTPs 
with design size less than 50 PE. Among these small WWTPs, the technologies implemented most 
frequently are ca. 6'750 activated sludge plants, ca. 5'350 treatment wetlands and ca. 
4'250 Sequencing Batch Reactors SBRs. About 45 % of the small WWTPs have a design size 
between 5 and 10 PE. A permit given from the local authorities is required for operating a small 
WWTP. Most authorities request that owners of small WWTPs have a maintenance contract with a 
company and/or that owners/operators have to pass the training courses for operators of small 
WWTPs offered by the Austrian Wastewater and Waste Association (ÖWAV). Within the 1.5 days 
long training courses, owners/operators should gain basic knowledge on wastewater treatment and 
thus better understand their plant and finally resulting in well operated and maintained WWTPs. 
Since the year 2000, more than 200 training course have been held and more than 5'500 
owners/operators of small WWTPs have been trained.

Keywords
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INTRODUCTION

In Austria, 1'840 wastewater treatment plants (WWTPs) with design size > 50 population equivalent 
(PE) treat the wastewater of about 95 % of the population. The remaining 5 % of the population live 
in single houses and small settlements that require on site and decentralized wastewater treatment 
technologies. There is no common database on small WWTPs with design size < 50 PE thus data had 
to be collected from the Austrian federal states and compiled in a database. According to 
Langergraber and Weissenbacher (2017), the total number of WWTPs with design size < 500 PE is 
about 28'700 comprising of 1'300 WWTPs with design size 51-500 PE and 27'400 with design size 
< 50 PE, respectively. 

Legal requirement for the effluent quality of small WWTPs are only available for WWTPs > 50 PE 
(1.AEVkA, 1996). For WWTPs with design size < 50 PE, the local authorities usually apply the same 
requirements for effluent concemtrations as for > 50 PE. Since 1991, for organic matter the maximum 
effluent concentrations are 25 mg BOD5/L and 90 mg COD/L. Nitrification is required for all 
WWTPs, the maximum effluent concentration is 10 mg NH4-N/L (however, only for effluent water 
temperatures > 12 °C). There is no standard for nitrogen and phosphorus removal for the small 
WWTPs. However, for sensitive receiving water bodies authorities can request removal of nitrogen 
and phosphorus.



The paper presents the status of small WWTPs with design size < 50 PE in Austria including their 
management and the provisions taken to train the operators of the small WWTPs.

Material and Methods

As described by Langergraber and Weissenbacher (2017), there is no general database for WWTPs 
< 50 PE in Austria. Thus, data were collected from the water information systems of the seven federal 
states (Carinthia, Lower Austria, Salzburg, Styria, Tyrol, Upper Austria, and Vorarlberg) and for the 
remaining two federal states with a low number of small WWTPs (Burgenland and Vienna) data have 
been received from the responsible persons at the federal governments.

Data collected for each WWTP included design size, treatment technology, date of comissioning, etc. 
As data are recorded slightly different in all federal states especially the categorising of the applied
technology had to be checked and made uniform.

Results and Discussion

Technologies for small WWTPs
Table 1 shows the treatment technologies applied for WWTPs with design size < 50 PE. For more 
than 2'500 plants (9.3%) the technology is not recorded in the used databases. The highest number of 
unknown technologies is in Lower Austria (about 1'850 plants, i.e. 40% of the 4'500 plants) and Styria
(about 340 plants, i.e. 3% of the 10'650 plants). The main types of technologies for secondary 
treatment are activated sludge (ca. 6'750 plants or 24.6%), treatment wetlands (ca. 5'350 plants or 
19.5%; as nitrification is required, only vertical flow wetlands are implemented in Austria) and
Sequencing Batch Reactors (SBRs, ca. 4'250 plants or 15.5%). Still more than 22% of the plants are 
classified as only primary treatment. These are mainly old septic tanks from which mechanically 
treated wastewater is discharged. This technology is no longer state-of-the-art. However, most of 
these WWTPs have been implemented before 1991 and still have a valid operation permit. As 
mentioned before, since 1991 biological treatment with nitrification is required for all WWTPs. 

Table 1: Treatment technologies applied for wastewater treatment plants with design size < 50 PE 
in Austria (VF = vertical flow).

Federal state Total Primary
only

Activated 
Sludge SBR Trickling 

Filter
Fixed 
bed

Soil 
Filter

VF 
wetland

Unknown 
+ other*

Burgenland 20 0 4 1 1 0 0 14 0
Carinthia 6'961 2'248 3'051 566 7 55 308 556 170
Lower Austria 4'515 151 170 1'537 21 10 85 687 1'854
Salzburg 1'655 304 234 274 82 53 368 279 61
Styria 10'665 2'385 2'532 1'044 374 334 378 3'276 342
Tyrol 1'096 660 92 107 39 4 80 61 53
Upper Austria 2'398 381 646 702 100 0 27 475 67
Vienna 13 1 6 3 1 1 0 1 0
Vorarlberg 129 14 7 28 2 4 66 4 4
Total 27'452 6'144 6'742 4'262 627 461 1'312 5'353 2'551

22.4% 24.6% 15.5% 2.3% 1.7% 4.8% 19.5% 9.3%

* including 46 Membrane Bioreactor and 135 Rotating Biological Contactor plants.



Table 2 and Figure 1 show the design size of different treatment technologies of WWTPs < 50 PE in 
Austria. According Langergraber and Weissenbacher (2017), all 2'570 of the WWTPs < 500 PE with 
unknown design size are assumed < 50 PE. About 45 % of the WWTPs < 50 PE are of design size 
between 5 an 10 PE, 23 % < 5 PE. Most unknown design sizes are for plants with primary treatment 
only treatment, indicating that the design size was not recorded as accurate for older WWTPs. For 
the main technologies used, i.e. activated sludge, treatment wetlands and SBRs, the design size 
distribution is quite similar.

Table 2: Design size of different treatment technologies of WWTPs < 50 PE in Austria.
Technology Total < 5 PE 5-10 PE 11-20 PE 21-50 PE unknown
Treatment Wetlands 5'353 1'446 2'812 699 309 87
Activated Sludge 6'742 1'399 3'470 1'220 555 98
SBR 4'262 977 2'143 645 465 32
Soil filters 1'312 334 540 292 106 40
Trickling filters 627 167 300 76 69 15
Fixed bed reactor 461 87 281 63 21 9
Primary only 6'144 1'262 1'725 737 502 1'918
Others and unknown* 2'551 532 1'043 371 234 371
Total 27'452 6'204 12'314 4'103 2'261 2'570

* including 46 Membrane Bioreactor and 135 Rotating Biological Contactor plants.

Figure 1. Design size of different treatment technologies of WWTPs < 50 PE in Austria.

Table 3 and Figure 2 show the year of comissioning of different treatment technologies applied for 
wastewater treatment plants  with design  size < 50 PE.  In the first years after introducing the 
requirement of nitrification for all WWTPs in the early 1990s mainly activated sludge plants have 
been implemented. Since about 2000, treatment wetlands and SBRs have become the most popular 
technology for small WWTPs.
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Table 3: Year of comissioning of different treatment technologies applied for wastewater treatment 
plants with design size < 50 PE in Austria.

Technology Before 1992 1992-1996 1997-2001 2002-2006 2007-2011 2012-2016 unknown
Treatment Wetlands 77 185 790 1'207 2'166 892 36
Activated Sludge 314 513 2'569 1'373 1'526 396 51
SBR 46 66 480 906 1'644 1'093 27
Soil filters 156 158 375 231 260 126 6
Trickling filters 25 73 113 71 256 85 4
Fixed bed reactor 4 5 55 133 241 23 0
Primary only 5'669 163 82 75 72 47 36
Others and unknown* 533 73 147 431 953 392 22
Total 6'824 1'236 4'611 4'427 7'118 3'054 182

* including 46 Membrane Bioreactor and 135 Rotating Biological Contactor plants.

Figure 2. Year of comissioning of different treatment technologies applied for wastewater treatment 
plants with design size < 50 PE in Austria.

Management 
Permission to operate a small WWTP is given by local authorities on a case-by-case evaluation. The 
European certification procedure for small WWTPs as described in the standard EN 12556-3 (2005) 
is not applied in Austria as the plants are currently only tested for their ability to remove organic 
matter. Nitrification - that is mandatory in Austria - is generally not required for small WWTPs in 
most other European countries.

Usually the permission for operating a small WWTP is granted for a period of 15 years. After this 
period, the permission can be extended if the WWTP is still according to the state-of-the-art, meaning 
it is able to treat the wastewater according to the legal requirements. To get the permission 
several 
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local authorities request that owners have a contract for operation and maintenance with a company
or that owners of WWTPs take part in the training course for operators (see below). 

The permission to operate a small WWTP also includes the frequency in which self-monitoring of 
the plant has to be carried out by the owner of the WWTP. Below 50 PE, self-monitoring usually 
includes weekly routine checks if the WWTP is working properly and monthly sampling and analysis 
of the following paramters: temperature and pH of effluent, effluent concentration of ammonia 
nitrogen and settleble solids, and (if applicable) the sludge volume. For WWTPs larger than 50 PE, 
sampling and analysis have to be done on a weekly basis. All results gained from self-monitoring as 
well as operational and maintenance work have to be documented in an operations dairy.

Besides self-monitoring, external monitoring is requested. Usually every two years external 
monitoring is requsted for small WWTPs < 50 PE. In some federal states, the period of the external 
monitoring will be extended, e.g. to every three years, if owners of WWTPs successfully complete
the training course for operators.

During external monitoring, effluent samples are also analysed for BOD5 and COD. Besides, the 
operations dairy including the data gained from self-monitoring are evaluated. Reports from external 
monitoring are sent to the local authorities for evaluation.

Training of operators of small WWTPs
The Austrian Wastewater and Waste Association (Österreichischer Wasser- und 
Abfallwirtschaftsverband, ÖWAV) is responsible for the training of operators of wastewater 
treatment plants. A special training course for operators of small WWTPs (less than 50 PE) has started 
in 2000. The Institute of Sanitary Engineering at BOKU University is responsible for the content of 
and running the trainings. Between 2000 and 2016, 169 general training courses have been held (about 
4'200 participants). Additionally, 42 special courses for owners of treatment wetlands (with about 
1'000 participants) and 12 training courses (about 300 participants) for operators of WWTPs at Alpine 
refuges (in collaboration with the Austrian and German Alpine Associations) were organised.

The training for operators of small WWTPs (< 50 PE) lasts for 1.5 days and comprises

1. theoretical knowledge on biological wastewater treatment, including

a. composition of domestic wastewater,

b. basic processes for organic matter and nutrient removal from wastewater,

c. technical implementation of the basic processes in WWTPs,

d. general types of technologies used for domestic wastewater treatment.

2. basics on operation and maintenance requirements,

a. why operation and maintenance is important

b. basic requirements for operation and maintenance (e.g. operational dairy)
c. different requirements of operation and maintenance for different technologies

3. practical introduction into sampling and analysis (this part is carried out on a nearby WWTP
which has a laboratory)

a. carrying out the analyses required for self-monitoring,

b. showcasing analysis methods available at larger WWTPs, e.g. cuvete tests, BOD
analysis and microscopes.

4. field trips of small WWTPs showcasing different technologies.



5. fundamentals of the legal requirements and subsistence system (this part is given by a person
from the local authority with legal experience)

This training course is offered more than 10 times per year in several federal states. The special course 
for operators of treatment wetland has the same structure; however, the focus on lecturing is on 
treatment wetlands.

For operators of WWTPs from 51 to 500 PE, a special course has been designed by ÖWAV. However, 
this course is not held frequently. In rural areas, WWTPs of this size are often organised as 
cooperative in which all members are responsible for the operation of the plant. Authorities often 
agree that the members of the cooperative shall participate in the course for operators of small 
WWTPs with less than 50 PE.

Conclusions

It can be concluded that:

The number of small WWTPs (less that 50 PE) in Austria is about 27'500. The most popular 
technologies for secondary treatment are activated sludge (ca. 6'750 plants), treatment 
wetlands (ca. 5'350 plants) and SBR (ca. 4'250 plants).

To guarantee the operation and mainanance of the small WWTPs, authorities often request 
that owners of small WWTPs must have a contract with a company for operation and 
mainanance of the plant and/or that the owners have to participate in the training courses for 
operators of small WWTPs offered by ÖWAV, the Austrian Wastewater and Waste 
Association.

These training courses have duration of 1.5 days and aim to provide the owners/operators with 
basic understading on how their WWTPs works assuming that basic understanding of the 
principles of wastewater treatment and pollutant removal raises more awareness and finally 
encourages owners/operators to better operate and maintain their facility.
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Abstract: In 2008, a 200 m2 high rate algal pond (HRAP) was incorporated into a 
Community Wastewater Management Scheme (CWMS) at Kingston on Murray in rural 
South Australia. The performance of the HRAP was evaluated over 4 years at a range of 
operating configurations (0.32-0.55 m depth, 4.5-10 d hydraulic retention time (HRT)). The 
results demonstrated that the HRAP could replace the 5 cell waste stabilisation ponds 
(WSP;1.2m deep, 66 d HRT). The application of HRAPs significantly  reduces the area  
requirement for treatment and consequently the capital cost of construction. Furthermore, 
the shorter HRT reduces evaporative losses compared to WSPs resulting in more treated 
water being available for beneficial reuse. The performance of the HRAP was 
independently validated and shown to be consistent with the health-based targets required 
by National Guidelines for water recycling. The validation was accepted by the regulatory 
agency, and the first design guidelines for HRAP inclusion into CWMS was promulgated 
in 2016. To the authors’ knowledge, this is the first time such guidelines for HRAP design 
have received regulatory acceptance, enabling wastewater engineers to include them within 
new CWMS confidently.

Keywords: Disinfection, high rate algal ponds, rural communities, wastewater treatment. 

INTRODUCTION / MAIN METHODS 

Rural communities in South Australia are largely dependent upon on-site systems e.g. septic 
tanks, for wastewater treatment. The on-site, subsurface disposal of treated effluent is 
problematic in areas with low permeability soils e.g. clay, causing surface pooling of effluent, 
which may increase residents’ exposure to human pathogens or during heavy rainfall events,
contamination of environmentally sensitive surface waters e.g. the Murray River. In contrast, 
highly permeable soils e.g. sand, increase the risk of groundwater contamination, a concern in 
areas where it is a source of potable water. In South Australia, these issues are resolved by the 
adoption of Community Wastewater Management Schemes (CWMS), wherein 92 out of the
174 schemes operated, the combined septic tank overflow is reticulated to waste stabilisation
ponds (WSP) for further treatment. The recommended WSP configuration comprises a 
facultative pond followed by four in series maturation ponds all operated at 1.2 m depth with 
a combined hydraulic residence time (HRT) of 66 d. In contrast, high rate algal ponds 
(HRAPs) are shallow (0.3-0.5 m), serpentine channel, paddlewheel mixed systems with HRTs 
of 4-10 d; effective HRAPs offer significantly reduced footprint and attendant capital costs for 
CWMS.

In 2008, a 200 m2 HRAP was constructed at the Kingston on Murray (KoM; S 34 24’, E 140 
33’) CWMS. The HRAP was operated at 0.32, 0.43 and 0.55m depth with HRTs between 4.5 
and 10 d at an influent flow rate of 12 m3 d-1. Wastewater analysis throughout the research
was conducted using Standard Methods for the Examination of Water and Wastewater (1998).



Initially, the study compared the performance of the HRAP with the facultative pond (6,300
m2, 30 d HRT) at Lyndoch CWMS (S 34 60’ E 138 90), both received septic tank overflow 
from their respective communities (Buchanan et al, 2011). Subsequently, the performance of 
the HRAP operated in series with the facultative pond at KoM was compared with the final 
effluent from two maturation ponds operated in series at Lyndoch (Buchanan, 2014). The 
results of this research demonstrated that a HRAP could effectively replace either the 
facultative or maturation ponds in older CWMS requiring refurbishment. More importantly, it 
suggests that a HRAP could entirely replace WSPs in newly constructed CWMS. 

An independent validation of HRAP performance, consistent with the requirements of the 
Australian, National Guidelines for Water Recycling: Managing Health and Environmental 
Risks (Phase 1) (NHMRC, 2006), was conducted by a National Association of Testing 
Authorities (NATA) accredited laboratory in the winter of 2013. Two HRAPs were operated
in series at a depth 0.3 m and a combined HRT of 10 d. On Monday and Thursday each week 
20 inlet and 20 outlet ‘grab’ samples were collected from both HRAPs. Escherichia coli, F-
RNA bacteriophage and aerobic spore-forming bacteria, used as surrogate indicators of 
pathogenic bacteria, viruses and protozoa, were enumerated in respective inlet and outlet 
samples and the log10 reduction value (LRV) at each stage of passage through the system 
determined. The results of validation were accepted by the South Australia Department of 
Health and Ageing, Wastewater Management Group (DoHAWMG) and in 2016, design 
guidelines were issued for the inclusion of high rate algal ponds in CWMS in South Australia.
The authors are unaware of any other published, independent validation of HRAP 
performance accepted by a regulatory agency leading to their more general application to 
wastewater treatment. This paper provides an overview of the significant results leading to 
this outcome. 

MAIN RESULTS AND CONCLUSIONS
Wastewater treatment performance of HRAPs compared with WSPs treating septic tank or 
facultative pond effluent. 
When fed overflow from community septic tanks there was little difference in the 
performance of the HRAP compared to that of the facultative pond at Lyndoch operated. Over 
90% of the incoming 5-day biochemical oxygen demand (BOD5) was removed by both 
systems; the HRAP recorded a 30% higher removal efficiency of total inorganic nitrogen
(TIN) than the facultative WSP. The mean LRV for E.coli was 1.6 and 2.1 for the Lyndoch 
facultative pond and the HRAP respectively. The HRAP and the WSP were both less efficient 
when treating facultative pond effluents rather than septic tank effluent. However, the HRAP 
maintained a performance which was significantly better than the Lyndoch maturation ponds. 
The HRAP removed 59% and 58% of the influent BOD5 and TIN respectively, compared 
with respective removals of 33% and 34% by the maturation ponds at Lyndoch. The mean 
E.coli LRV was similar for the Lyndoch maturation ponds and the HRAP: 2.0 and 2.7
respectively.

Independent validation of HRAP performance.
The Australian National Guidelines for Water Recycling: Managing Health and 
Environmental Risks (Phase 1) (NHMRC, 2006) derive health-based performance targets for
managing microbial hazards in treated wastewaters intended for various uses. These require
compliance with the tolerable risk of 10-6 disability-adjusted life years (DALYs) per capita 



per year, equivalent to an annual risk of diarrhoeal illness of 1 per 1000. Treated effluent from 
CWMS is usually reused to irrigate non-food crops, commonly woodlots. The National 
Guidelines for Water Recycling: Managing Health and Environmental Risks (Phase 1)
(NHMRC, 2006) derived target LRVs of 4.0, 5.0 and 3.5 for enteric bacteria, viruses and 
protozoa respectively. Additionally, the median value for E. coli in the treated effluent should 
not exceed 104 100 mL-1.

The HRAP validation was conducted in 2013 between August and October. During this 
period both the mean daily air temperature and the mean daily global solar exposure were 
below the yearly means for the region. The quality of the wastewater influent over the 10
week validation period was typical of that of septic tank overflow; with median values of 205 
mg BOD5 L-1, suspended solids 61 mg L-1 and 94 Nephelometric Turbidity Units (NTU).

E. coli and F-RNA bacteriophage were used as surrogates to determine the LRV for bacterial
and viral enteric pathogens following treatment in the HRAPs. The median LRV was 3.3 and
2.32 for E.coli and F-RNA bacteriophage following treatment in the two HRAPs operated in
series at a combined HRT of 10 d. The median concentration of E. coli in the final treated
effluent was 3.3 log10 MPN 100 mL-1. The consensus is lacking on a suitable indicator for
pathogenic protozoa. The National Guidelines for Water Recycling: Managing Health and
Environmental Risks (Phase 1) (NHMRC, 2006) suggest seeding with the aerobic spore-
forming bacterium Bacillus subtilis; this was considered impractical for validation of a
relatively remote rural CWMS. Consequently, native aerobic spore-forming bacteria were
adopted as surrogates for this validation. Subsequently, Young et al (2016) reported the
unsuitability, for this application, of these organisms as indicators of pathogenic protozoa.
Frequently, higher numbers of aerobic spore-forming bacteria were recovered in the treated
effluent than in the influent wastewater. It was concluded that this was due to contamination
with aerobic spore-forming bacteria from other environmental sources and regrowth within
the HRAP. Young et al (2016) suggested that since settling is negligible in HRAPs and E. coli
has a higher resistance to solar radiation than Cryptosporidium, it could be used with caution
as a conservative surrogate for Cryptosporidium in HRAPs.

It was accepted by DoHAWMG that the HRAP, used in conjunction with the on-site controls 
in place for woodlot irrigation, e.g. exclusion of public during irrigation, extended buffer 
zones, complied with the 5th percentile LRV performance targets for the respective enteric 
organisms required by the National Guidelines for Water Recycling: Managing Health and 
Environmental Risks (Phase 1) (NHMRC, 2006). Additionally, the treated wastewater quality 
objective of a median value of <104 E. coli 100 mL-1 was also met.

Design guideline for high rate algal ponds

In 2016, the Local Government Association of South Australia (LGA SA) published the 
“Design Guideline for a High Rate Algal Pond – as an element in Wastewater Treatment 
Trains”. The guideline accepts that a HRAP may be operated in two configurations. Firstly, 
where an existing CWMS requires an upgrade the HRAP may replace the facultative pond
followed by 4 maturation ponds operated in series. The second configuration accepts that a
HRAP or two HRAPs operated in series at a depth between 0.3-0.5 m at an effective HRT of 
10 d can replace the current WSP design comprising a facultative pond followed by 4



maturation ponds operated in series. This HRAP configuration results in 40-50% reduction in 
both surface area requirement and construction costs compared with the WSP configuration. 
The shorter HRAP retention time, compared with the 66 d HRT of the WSP configuration,
significantly reduces evaporative losses, resulting in more treated wastewater being available 
for beneficial reuse in communities often exposed to water scarcity. The guideline (LGA SA, 
2016) accepts that for sewage, in the absence of on-site treatment, an anaerobic pond may be 
used as pre-treatment before a HRAP. The anaerobic pond should be operated at a depth >3 m
at temperature dependent volumetric loadings between 0.1-0.35 kg BOD5 m-3 d-1 (Power and 
Water, 2011). Where treated water can be accessed by stock a minimum of 25 d total 
retention is required, 10 d in the HRAP with an additional 15 d in open pond storage, to 
ensure the die-off of helminth eggs. 

The guideline (LGA SA, 2016) notes that ideally, influent should be continuously fed to the 
HRAP at the rate required to achieve the 10 d HRT. In CWMS septic tank effluent from 
properties within the community is reticulated to a central collection point or sump. The 
effluent is then pumped to the CWMS lagoon system. The operation of the delivery pump is 
frequently controlled by liquid level sensors within the sump resulting in random pumping 
events delivering predictable volumes of influent. However, this may result in unacceptable 
shock loading of the HRAP. In these situations, an influent feed buffer tank designed to 
enable continuous feeding of influent may be used. If this is impracticable, the 4% rule 
included in the guidelines (LGA SA, 2016) should be applied. This recommends that not 
more than 4% of the HRAP operating pond volume should be introduced over a period shorter 
than 4% of the residence time. An example is provided for a daily influent volume of 12 m3 d-

1 and a HRAP operating at an HRT 5 d which requires an operating volume of 60 m3.
Applying the 4% rule suggests that a single pumping event should deliver 2.4 m3 with a time

4.8h.
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Introduction
Effluent standards for wastewater have been tightened over the last decades to ensure public 
health, prevent environmental pollution, and encourage resource recovery and reuse. The main 
targets were effluents from sewered wastewater treatment plants. Since small scale non-sewered 
sanitation systems have been recognized as a valid alternative to sewer-based wastewater 
management, especially for low-income countries, several international commissions including 
ISO-PC 305 or CEN/TC 165/WG 41 are working to establish suitable standards for small scale 
non-sewered sanitation systems. One of the goals of this standardization effort is to foster the 
development of new on-site treatment technologies. Existing standards, which mainly target 
effluents from sewered wastewater treatment plants cannot be used to adequately regulate the 
new systems. For instance, on-site sanitation systems without water supply will have very 
different characteristics than conventional sewered wastewater treatment plants operated with 
activated sludge. With this paper, we aim to initiate a discussion among wastewater experts 
about new approaches to regulate outputs from non-sewered on-site sanitation systems.

Material and Methods
This paper is based on our own experiences with the development of sustainable on-site 
sanitation systems, which will not rely on piped water supply or sewers. Furthermore, we 
reviewed current standards for wastewater treatment and reuse, and up-to-date research results 
on pathogen removal.

Results and Discussion
Conventional sewered wastewater treatment plants have two major outputs, liquid effluent and 
excess sludge. This is due to the fact that human excreta is flushed with high volumes of water. 
New non-sewered sanitation systems, however, might not have large discharge flows. An 
example is incineration toilets. For these systems, a more generic definition of the outputs is 
needed. We propose that this new definition not be based on the characteristics of the output, 
but on their purpose. Thus, four outputs were defined: (1) valuable products such as fertilizer, 
(2) reusable products for on-site recycling e.g. flushing water, (3) outputs, that are discharged 
to the environment, and (4) residual waste recovered during system maintenance.
All four outputs will have to be regulated. Existing standards can be used for specific products
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such as fertilizer or flushing water. However, the definition of standards for outputs discharged 
to the environment is challenging. The type and volume of effluent from the newly developed 
sanitation systems will differ widely from the effluents of conventional sewered wastewater 
treatment plants. Furthermore, gaseous outputs are important from some technologies such as
stripping or incineration processes. In order to account for this wide range of possible outputs,
we suggest limiting overall gaseous, liquid and solid output loads to the environment instead of
concentrations in specific outputs.
A primary goal of the new standards will be the prevention of diseases. This goal must be 
independent of the risk of environmental pollution (see below) We chose four indicator 
organisms which must be spiked and monitored during testing (Table 1). The indicators are 
representative for different pathogen classes but also for resistances to different disinfection 
methods. The load reductions are calculated by comparing all inputs, i.e. urine, feces and 
additional inputs, with the sum of all outputs.

Table 1 Dosage and overall reduction of pathogens for testing of non-sewered sanitation systems

E.coli MS2 Coliphage Ascaris suum Cryptosporidium

parvum oocysts

Pathogen class bacteria viruses helminths protozoa

High resistance to - UV pH and low moisture chlorine and heat

Minimum urine spike [#/L] 108 108 104 106

Minimum feces spike [#/g] 108 108 104 106

Overall output log reduction 6 7 4 6

Based on our literature review, we conclude that pollution of receiving waters with nitrogen, 
phosphorus and organic substances will remain the main negative effect on the environment. 
To regulate the output of these three substances to the environment, we propose three categories
of systems (Table 2). The aim for Category I systems will be maximum environmental 
protection and maximum nutrient recovery. This category is most likely not achievable for any 
current on-site sanitation system, but it sets the target for further development. Category II could
be achieved with the most effective on-site sanitation systems currently on the market. This 
category should therefore be used for current systems applied in areas, which have watersheds 
sensitive to eutrophication, or aquifers used for drinking water production. Category III is the 
least stringent, and only contains standards for load reduction of organic substances. Systems 
within this category shall be used, where neither eutrophication nor aquifer pollution is likely.

Table 2 Suggested load reduction standards in [%].The values are based on current regulation in the 
Canton of Zurich/Switzerland (Category I, personal communication) and EU legislation 
(Categories II and III, Council Directive 91/271/EEC and Commission Directive98/15/EC).

Parameter Category I Category II Category III

TOC (1) 90 75 75

Ptot 95 80 -

Ntot 95 70 -
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Abstract
Discharges of poorly treated sewage from single households and house clusters in rural areas, 

not connected to central wastewater treatment plants can pollute watercourses and lakes. Danish 
legislation changed in the late 80s to demand the removal of >95% of organic matter, and 
depending on the characteristics of the receiving waters; additional requirements might include 
>90% nitrification and/or at least 90% removal of total phosphorus to control the discharges fo
wastewaters from the entire country (Arias C.A. et al., 2005; Brix and Arias 2005).

Several decentralized technologies have been accepted and the Danish EPA supported research 
to produce national guidelines.  Among the systems accepted: constructed wetlands, biological 
sand filters, willow evapo-transpirative systems and technical compact biological wastewater 
treatment systems.

Since the production of the guidelines, the number of VFCW built has increased and today 
more than 1000 VFCW are operating in the country. According to the Danish Guidelines VFCW
treatment train must include a pretreatment, a pumping system to feed the bed(s) sequentially at 
rates of 8 to 12 pulse/d, a 1 meter deep planted sand filled bed with the needed feeding and
drainage pipes. To comply with the local discharge limits, most of the systems are fitted with 
wells to use reactive media or chemical injection units P removal. The guidelines also recommend 
the installation of recirculation of nitrified waters to enhance performance and increase the 
removal of total nitrogen (Figure 1).

Figure 1 Typical layout of the Danish vertical flow configuration 

The local environmental authorities are autonomous and performance evaluation and effluent 
concentration of the systems is demanded and monitoring of the removal of organic matter, 
nitrification and P removal. Additionally, several of these VFCW systems have monitored 
regularly there is variability on the sampling frequency and the parameters measured. The data 
gathered might include BOD5, NH4, TP of ca. 600 of the systems. Moreover data for some 
selected systems includes nitrogen species, TSS, pH, O2 saturation, EC, emergent pollutants and 



TOC, and TN that have been monitored intensively to assess the effect of recirculation in TN 
removal. Additionally, depletion of pollutants along the depth of the beds has been evaluated.

The results show that only three of the systems presented clogging, explained by pretreatment 
system failure. Oxygen saturation at the effluent was always above 60%. BOD5 performance for 
all the systems show a removal higher than 90% and effluents with concentrations well below 10 
mg/l. Nitrification varied among the systems affected by the NH4-N inlet concentration but 
complying with the Danish discharge demands. TP removal varied depending on the technology 
selected. Reactive media has to be maintained regularly but chemical precipitation even though a 
reliable method, if the discharge limits are to be fulfil the dosing has to be adjusted according to 
the production of P, which demands extra efforts.  Regarding TN removal (not demanded by 
national law), recirculation of treated effluents improves the removal, although removal varied 
among systems, explained by the fact that the recycling structures in the systems are simple and 
proper regulation of recirculation flows cannot be guarantee. For the systems with the possibility 
of controlling the place of recirculation and the flow the results show that TN removal is greater 
when recirculation is directed to the sedimentation tank and no to the pumping well. The best 
recirculation volume seems to be 100% treated water recirculation which provides the best TN 
removal performance.  

The systems sampled for emergent pollutants performance, showed similar and even better 
removal performance if compared to activated sludge systems. Depletion along the depth showed 
that most of the nitrification and TOC removal and around 10% of the TN is removed in the top 25 
cm of the unsaturated bed. Deeper along the filter, no significative removal of TN occurs. 

Final remarks 

VFCW constructed under the Danish standard has shown to be capable of complying with the 
Danish discharge limits. The results of the VFCW performance suggest that both the area and 
depth stated by the Danish guidelines (3 m2/PE and 1 m deep) might be larger than the actual 
surface and depth needed, making the systems more expensive and less competitive. Sustainable P
removal is still and issue to be solved, and even though chemical precipitation is effective, the 
proper dosing requires intervention and adjusting which most cases is neglected and only high P 
discharges are detected when monitoring is performed. 
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Abstract: Water Safety Plan (WSP) is a concept of preventive management raising barriers 
against water contamination along the supply chain from water source to the consumer, 
developed by World Health Organization and International Water Association. WSP is a 
requirement of the Directive 2015/1787/EU amending Directive 98/83/EC for water 
intended for human consumption. The methodology of the study concerning the 

County, is based on field visits, data collection, water sampling, laboratory analysis, risk 
analysis along the supply system using scores, and recommendations for WSP development 

hazards in the catchment area are agriculture, animal farms, food and wood processing 
industry, roads, households, recreational areas. Water is treated in a mono-block container, 
is stored in a stainless steel tank and is distributed by gravity to 4 villages and 629 
households. Hazards were identified for each component of the water supply system, and 
the risk scores were established. Based on risk analysis, there were recommended control 
measures, their monitoring, and possible actions in case of exceeding the maximum 
admissible concentrations of microbiological/ chemical parameters in drinking water. 

Keywords: enable local community, risk analysis, Water Safety Plan, water and sanitation.

INTRODUCTION
Water Safety Plan (WSP) is a concept of preventive operational management raising barriers 
against water contamination along the supply chain from water source to the consumer,
developed by World Health Organization (WHO) in cooperation with International Water 
Association (IWA), (WHO, 2011), (WHO, IWA, 2009). Multiple barrier approach aims to 
establish risk control measures for all processes in the water supply system: resource
protection, water abstraction, water treatment, storage and distribution, water plumbing inside 
buildings. WSP is a requirement of the Directive 2015/1787/EU amending Annexes II and III 
to Council Directive 98/83/EC quality of water intended for human consumption (L260/6, 
7.10.2015).

Based on its own experience working with local organizations from Eastern Europe and the 
Caucasus, WECF developed the WSP approach further for small municipalities which often 
lack capacity and professional know how to manage water and sanitation safely. The WSSP 
Compendium (M. Samwel, C. Wendland, 2016) explains in a step wise approach how to 
identify the main sources of pollution, assess the risks, gives ideas for change and to take 
action to improve the situation.

The study case presented in this paper is a risk analysis of a small water supply system in a 
rural area of Romania with the aim to educate and engage the local 
community in developing and taking the ownership of the operational management of their 



drinking water, using the Water Safety Plan as the tool of establishing a preventive 
management (String G., 2016).

The objectives of the study case are: (i) Raise awareness about WSP and its significance for a 
good management of drinking water supply system; (ii) Establish the WSP team in 
M n tiur; (iii) Collect the basic information; (iv) Assembly the information in an incipient 
WSP; (v) Formulate recommendation for completing the information and implementation of 
WSP.

MATERIALS AND METHODS
The methodology to achieve the scope of the study concerning the development of a WSP for 
the small centralized drinking water supply in , County, is based on field 
visits for on-site assessment, data collection based on interviews using the questionnaires 
included in the WSSP Compendium, water sampling and laboratory analysis of the samples, 
risk analysis using scores, and recommendations for WSP further development and 
implementation (Gelting R. J. et al., 2012).

WSP is a way to ensure the safe supply of drinking water by: (i) Knowledge and 
documentation of the entire supply system; (ii) Identification where and how issues could 
arise; (iii) Construction of barriers and management systems to stop problems before they 
arise – anticipation; (iv) Ensure that all system components are working properly. The 
overview of the development of a WSP is given in table 1 (WHO, 2011).

Table 1. Matrix of WSP Development
Source Treatment Distribution Tap

Information type of 
catchment, the 
water source

charts, treatment 
processes, capability, 
control

diagrams, the flow 
direction, equipment, 
storage tanks, the 
status of valves

type of premises,  
distribution network 
materials

Hazard 
Identification

sources of 
pollution, 
climate 

catchment area, reagents 
used in treatment, 
materials used, the 
ineffectiveness of 
treatment, power failures

contamination from 
outside, flow 
fluctuations, 
unauthorized 
connections, back
siphonage

siphonage, leakage 
from pipelines, 
hygiene 

Risk 
Assessment

the likelihood 
and 
consequences of 
pollution 

the likelihood of having 
an ineffective treatment, 
the consequences of 
inefficiency

the likelihood of 
failure, 
consequences

the likelihood of 
occurrence, 
consequences

Control 
Measures

catchment and 
reservoir 
management 

treatment process, process 
monitoring, warning 
systems, shutdown of 
water supply to the 
network

operational 
procedures,
approved materials, 
valve status

sealing elements, 
treatment to remove 
plumbo solvency,
education

Monitoring pollutants’ 
points of 
discharge, raw 
water quality

raw water, treatment 
process, disinfected water 
supplied to the network 
(final product)

flow, pressure, 
residual disinfectant 
concentration 

inspection of the 
premises 



Actions in case 
of Maximum 
Admissible 
Concentrations 
(MAC)
exceeding

stopping the 
takeover of 
water from 
source, adjusting 
the treatment 
process

stopping the takeover 
from water source, adjust 
the treatment process, the 
treatment plant closing

water discharge, 
flushing pipes, 
advising people to 
boil water

advising consumers 

Following the matrix described above, the whole waters supply system is analyzed and risk 
scores are established for each part of the chain, according to the risk matrix shown in table 2 
(WHO, 2011).

Table 2. Risk Matrix
Severity/ Impact of Consequence

Insignificant Minor Moderate Major Catastrophic

1 2 3 4 5

L
ik

el
ih

oo
d

Almost 
certain

5 5 (L) 10 (M) 15 (H) 20 (VH) 25 (VH)

Likely 4 4 (L) 8 (M) 12 (H) 16 (VH) 20 (VH)

Foreseeable 3 3 (L) 6 (M) 9 (M) 12 (H) 15 (H)

Unlikely 2 2 (L) 4 (L) 6 (M) 8 (M) 10 (M)

Most unlikely 1 1 (L) 2 (L) 3 (L) 4 (L) 5 (L)

After the risk assessment of the drinking water supply system, various actions are 
recommended, according to the range of the risk’s scores: low (1-5), medium (6-10), high 
(12-15) or very high (16-25). If the risk is classified as being low, the management will be 
carried out according to the routine procedures, which will be regularly reviewed. If the risk is 
medium, there is a need to act and plan. For a high range of risk, priority actions are needed to 
immediately reduce the danger. For a very high risk, urgent action is needed to prevent 
danger, for example water supply interruption, warning people to boil water, restrictions in 
use, and priority actions for the immediate danger reduction.

RESULTS AND DISCUSSION
The commune of M n tiur is located in Lugoj Plane, Lipova Plateau, on the upper side of 
Bega River (figure 1), documentary attestation being since 1427 (Monostor). It is formed by 
four villages , with a total number of 1689 
inhabitants (2012), and 629 households (2012); the total surface of the commune is 41,86km2.



Figure 1. Location of on Romania’s map.

The first step of the development of the future WSP in was to contact the local 
authorities and the people interested to be involved in the topic, in order to establish the team 
that will be in charge with the safe supply of drinking water in the village. The team that was 
assembled includes 7 members as follows: the mayor as the head of the team, the technician
in charge with the operation of the drinking water treatment and supply, the school professor 
of chemistry and biology, local promoter of projects, the manager of the local cake factory,
the healthcare assistant, and the environmental protection officer.

The analysis of the water supply system begun with the source of drinking water, the main 
elements being summarized in table 3 (Vieira J. M. P., 2011).

Table 3. Risk analysis of the drinking water source
WATER SOURCE (catchment) – since 2007

Information Ground water source – 2 deep boreholes located on Bega riverside: (F1 at 152m depth,
near the treatment station, F2 at 150m depth, and 206m far from F1, at the village limit.  
Abstraction layers are separated by clay and sandy clay. The boreholes are covered. Water 
is pumped.  It contains ammonia in range of 2-2,22mg/l. 
Hydro geological study to determine the sanitary protection zones at 26.07.2012 by Water 
Basin Administration Banat.  There is a 10m sanitary protection area with strict regime, 
but the fence is broken. Test reports for water characterization since 2005.

Hazard 
Identification

Agriculture – microbiological (cow and sheep farms – manure) and chemical 
contamination  (nitrates, pesticides).
Industry – chemical and microbiological contamination (factory bakery SC Cornu 
Boulangerie SRL, wood processing factory SC Pamirco SRL).
Roads (19km) & Railways  and railway station - chemical contamination; pesticides
Households – microbiological contamination (5-10% septic tanks; sewage system with 
waste water treatment plant that is not in operation).
Recreational areas - microbiological contamination (arboretum park and station parks).

Risk Assessment Microbiological contamination: Severity = 4; Likelihood  = 5;  Risk score = 20 (VH)
Chemical contamination:         Severity = 3; Likelihood  = 4;  Risk score = 12 (H)

Control Measures Management of catchment area and reservoir
Monitoring Points of discharge of pollutants, raw water quality.
Actions in case of 
MAC exceeding

Adjusting the treatment process.

Coordinates: 45º52’45”, 22º03’19”



Water quality at source was characterized by samples taken in October 2005 from a borehole 
at 83m, located near the Village Hall, and one at 90m, located at school. The samples were 
analyzed 6 days later in a certified laboratory. The concentration of ammonia was 2mg/l, 
exceeding the MAC of 0.5 mg/l. Time between sampling and analysis was too long to have 
accurate results especially for ammonia and COD, and the value of hardness was 
misinterpreted. 

Analysis of data on source and catchment area shows that: (i) Ground water source contains 
ammonia exceeding MAC; (ii) Boreholes have a fenced sanitary protection zone, but fence is 
broken; (iii) Test reports from hydro-geological study are incomplete for characterizing raw 
water quality (e.g. no microbiological test report for water); (iv) There are no test reports to 
confirm or infirm the real level of contamination. The risk score for microbiological 
contamination was estimated at 20 (VH), and for chemical contamination at 12 (H). 

Very high and high risk scores require urgent/priority actions and control measures such as: 
(i) Management of polluting activities within the catchment area; continuous communication
with National Administration of Romanian Waters (ANAR) and Environmental Protection
Agency (APM); (ii) Registration of chemicals that are used; (iii) Control of human activities;
(iv) Control of waste water discharge; (v) Regular inspections on catchment area; (vi) Repair
the fence of the sanitary protection zone; (vii) Monitoring the water quality at the discharge
points of industry; (viii) Monitoring raw water quality more regular and for the parameters of
interest (e.g. spring and autumn); (ix) Acquire information to ground the adjustment of the
treatment process, especially the disinfection (Wright J. et al., 2003).

The analysis of the water treatment station is summarized in table 4.

Table 4. Risk analysis at the drinking water treatment station
TREATMENT STATION – since 2007

Information Adduction pipe from borehole to the station (HDPE, 473m); Mono-block treatment plant, 
flow 3.53 l/s; Container with 2 contact tanks with sodium hypochlorite as disinfectant, and 
3 fast filters with granular active carbon.
There is an operating manual; maintenance is outsourced to ALEX CARM SRL Oradea.  

Hazard 
Identification

Microbiological and chemical contamination (nitrates and pesticides) from the catchment 
area; Ammonia exceeding the MAC in the raw water; Power failure once at 3-4 months 
for 2-3 min to hours; Because of ammonia there is a high consumption of disinfectant 
being difficult to assure the free residual chlorine (disinfection marker); The use of 
pesticides in the catchment can generate a situation in which the active carbon is reaching 
faster its adsorption capacity; Power failure – likelihood of having an ineffective 
treatment, especially for disinfection with the consequence of supplying into network 
water that is not under control. 
Water analysis at the exit of the treatment station is not carried out regularly, not even for 
free residual chlorine.

Risk Assessment Microbiological contamination: Severity = 4; Likelihood  = 5;  Risk score = 20 (VH)
Chemical contamination:         Severity = 3; Likelihood  = 3; Risk score = 9 (M)

Control Measures Check water demand for chlorine and the efficiency of the sodium hypochlorite; Check if 
the active carbon is outworn; Daily check (automatic) control of free residual chlorine at 
the exit of treatment station; Tretment process monitoring, warning systems, 
automatic/manual shutdown of water supply to the network.

Monitoring Raw water, treatment process, disinfected water supplied to the network (final product).
Actions in case of 
MAC exceeding

Adjusting the treatment process.

Analysis of the data on the treatment station for drinking water shows that: (i) National 
Regulatory Authority for Community Utilities Services (A.N.R.S.C.) issued the license no. 



1907/16.03.2012, class 3 (for a number smaller or equal to 50,000 residents), valid until 
16.03.2017 for the water service in ; (ii) Microbiological contamination from 
catchment area needs careful disinfection; Ammonia exceeding the MAC in raw water, use of 
sodium hypochlorite and power failures indicate the likelihood of ineffective treatment, 
especially  for disinfection,  resulting in water that is not under control being supplied into the 
network; (iii) Chemical  contamination (pesticides) from the catchment area might fasten the 
reach of adsorption capacity of active carbon; (iv) Estimated microbiological and chemical 
contamination and its removal by treatment is hard to confirm or deny due to lack of 
records/test reports on water quality. The risk score for microbiological contamination was 
estimated at 20 (VH), and for chemical contamination at 9 (M).

Very high risk score for microbiological contamination requires urgent actions, and medium 
risk score for chemical contamination requires acting, planning and preparing as follows: (i) 
Optimization of treatment process and automated control; (ii) Approval and control of 
reagents and materials used in treatment; availability of reserves (including a power 
generator); (iii) Regular monitoring of quality of raw water and drinking water at the exit of 
water work, especially for the level of free residual chlorine (Mintz E. et al., 2001).

Length of drinking water supply network is of 19.2km ( 5
). The analysis of the 

distribution network is summarized in table 5.

Table 5. Risk analysis of the distribution network
DISTRIBUTION NETWORK – since 2007

Information Stainless steel storage tank for treated water above the ground (200mc), located in the 
sanitary protection area; water flows by gravity from storage tank into the distribution 
network; 8226m distribution network of HDPE; 19 street taps;  90% of the households are 
connected; maintenance is carried out by 2 persons with high school;  electricity 
interruptions (minutes – 5 hours).

Hazard 
Identification

Water within the supply network is not protected by the residual disinfectant. Plastic pipes 
are in favor of the bio film formation, and microbiological growth.
Power failures generates interruption in water supply, which can raise a hazard if the pipes 
of the network are broken (no information about this issue) and the pressure decrease; 
high water consumption/ day/ person might suggest leaks but also the use of water for 
irrigation). 

Risk Assessment The description of the situation suggests a risk of microbiological non-compliance 
(including the exceeding of the oxidability/COD) that is not confirmed by the 2 test 
reports that were available. The monitoring program approved by public health authority 
is not followed or the records were not handed to the project team.
Microbiological contamination: Severity = 4; Likelihood  = ?; Risk score = ? (?)
Chemical contamination:         Severity = 3; Likelihood  = ?; Risk score = 9 (M) the 
same as at the exit of the treatment station

Control Measures Operational procedures, approved materials, valve status.
Monitoring Flow, pressure, residual disinfectant concentration.
Actions in case of 
MAC exceeding

Discharge, flushing pipes, advising people to boil water.

Analysis of the data on the distribution network shows that: (i) There is no free residual 
chlorine in the water supplied to the consumers, i.e. there is no protection against 
microbiological growth; (ii) Test reports for microbiological quality of water show no 
exceeding of limit values; (iii) The frequency of water quality testing is too low, and too few 
parameters are checked to really characterize the final product supplied to the consumers; (iv)
Although there is no free residual chlorine in the network, the amount of organic matter 
exceeds the MAC, and plastic pipes favors bio film formation, microbiological parameters 
show no exceeding; (v) Water consumption based on answers at 18 questionnaires is in range 



of 6,66 – 50l/person/day (mean value = 18) by comparison with data from the monitoring 
program showing a range of 125 – 303 l/person/day, suggesting leaks might exist in the 
supply network; (vi) Electricity interruption may cause pump failure and pressure drop in the 
network; (vii) There are no sufficient data to estimate the microbiological risk. The 
assumption regarding chemical risk is that it stays as it was on exiting water work after 
treatment stage, in the best case, but can increase (insufficient information). Risk score for 
microbiological contamination is unknown. For the chemical contamination risk score the 
assumption is that remains the same as it is on exiting the treatment station 9 (M).

Risk score for microbiological contamination is unknown, and medium risk score for 
chemical contamination (best scenario) requires acting, planning and preparation as follows: 
(i) Provide partial protection against microbial contamination by assuring a residual
disinfectant; (ii) Maintaining positive pressure in the distribution system; (iii) Maintenance of
the distribution system; (iv) Introduction of backflow prevention devices; (v) Ensure the
integrity of storage and distribution systems; (vi) Adequate procedures for repairs and
subsequent disinfection of piping.

Providing a safety barrier against contamination after treatment during the transport of water
is the last chance.

The analysis of the tap water is summarized in table 6.

Table 6. Risk analysis at consumers’the tap 
TAP (Consumer)

Information Type of premises: factory bakery SC Cornu Boulangerie SRL, wood processing factory 
SC Pamirco SRL, railway station, 2 schools, 2 kindergarten, 5 sanitary institutions, 2 
cultural institutions, 629 households (90% of households are connected to centralized 
water supply), 1689 persons.
Distribution network materials: HDPE,  19,2 km.

Hazard 
Identification

Not identified, no information about siphonage, leakage from pipelines, hygiene.

Risk Assessment Not enough information.
Microbiological contamination: Severity = 4; Likelihood  = ?; Risk score = ? (?)
Chemical contamination:      Severity = 3; Likelihood  = ?; Risk score = 9 (M) the 
same as at the exit of the treatment station

Control Measures Regulation of sealing elements (gaskets), education.
Monitoring Inspection of premises.
Actions in case of 
MAC exceeding

Advising consumers.

The overview of the risk analysis along the drinking water supply system in 
shown in figure 2.

CATCHMENT

Risk score (m) = 20 (VH)

Risk score (c) = 12 (H)

TREATMENT

Risk score (m) = 20 (VH)

Risk score (c) = 9 (M)

DISTRIBUTION 

Risk score (m) = ?

Risk score (c) = 9 (M)

CONSUMER’S TAP

Risk score (m) = ?

Risk score (c) = 9 (M)

Legend: m – microbiology, c – chemistry; VH – very high, H – high, M – medium, ? - unknown

Figure 2. 



CONCLUSIONS
The recommendations made to the WSP team were to take immediate measures to control the 
microbiological risk and to control the free residual disinfectant. For a local form of 
association undertaking the responsibility for the provision of drinking water to people as in

, regular training of staff and technical assistance on the process of water treatment 
is recommended (i.g. by the Regional Operating Company Aquatim) in order to build capacity 
for improved management. Putting into operation the wastewater treatment plant and 
restricting grazing areas so that animals no longer exist in the catchment area are measures to 
be taken, as well as communication and cooperation with all stakeholders in the catchment
(Smet Jo., 2002). Based on these experiences, the elaboration of an adapted WSP guideline 
for small drinking water supply systems would be useful in rural areas of Central and Eastern 
Europe.

This work was developed in the frame of the project FKZ 16EXI119-1 “Water and Sanitation 
Safety Planning in Romania and FYR Macedonia“, funded by the export initiative 
Environmental Technologies, German Ministry for Environment, Nature Protection and 
Nuclear Safety.
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INTRODUCTION / MAIN METHIODS 
In low population density areas in Germany existing wastewater infrastructures have been 
coping for many years with various key challenges such as demographic decline, climate 
change and stricter discharge standards. Furthermore, the increasing requirements for resource 
efficiency and environmental sustainability has prompted investigations into the development 
of adaptation concepts for water supply and wastewater discharge as well as dimensioning 
methods and assessment variables (cf. Kaufmann Alves, 2013). Even at modified volume 
flows and compositions water infrastructures must remain reliable at all times in order to 
guarantee a sustainable urban water management. This work aimed to assess the impact of the 
implementation of resource-oriented sanitation systems in existing infrastructures. Modeling 
or simulation of urban water systems by means of detailed numerical models is a key driver 
for planning and assessing system behaviors (cf. Blumensaat et al., 2012). Yet, only a few 
studies were carried out as an integrative simulation approach using dynamic models for 
innovative sanitation concepts (cf. Ormandzhieva et al., 2014); the application focus has been 
laid so far either on the wastewater treatment or sewer network but not on both. This study 
intended thus to gain insight into the temporal behavior of wastewater systems within a 
holistic approach using a simulation model. 

The case study area is a catchment area within a rural community in Germany with 541 ha 
(correspondingly 227 ha of impervious area), which mainly discharges in a combined sewer 
system with a stormwater storage volume of 3000 m³. The wastewater treatment plant 
(WWTP) with a capacity of 21.000 population equivalents (PE) was constructed in 1996; 
currently 17.000 PE, thereof 12.500 inhabitants, are connected to the facility. The catchment 
area was modelled using the software SIMBA# Version 2.0, in which the sewer hydraulics is 
represented by a hydrological mathematical data model. Within the sewer system the parame-
ters COD, TKN and Ptot were modelled and fractionated at the WWTP inlet according to the 
activated sludge model ASM3 (cf. Gujer et al., 2000). The activated sludge tank consisted of 
4,120 m3 with 805 m3 Bio-P and a simultaneous denitrification. The model structure was set 
up according to the recommendations of the Central European Simulation Research Group 
(cf. Muschalla et al., 2009). 

Particular emphasis was placed on examining the temporal dynamic implementation of re-
source-oriented sanitation systems within five-year intervals between 2015 and 2065 with 0 
and 100% feasibility degree of implementation respectively. Four scenarios described esti-



mates for adaptation and transformation pathways within wastewater systems in rural areas to 
decentralized systems (cf. Schmitt et al. 2016). 

MAIN RESULTS AND CONCLUSIONS 
Demographic decline and implementation of source-separated sanitation led to a stepwise 
decrease of the discharge volume flows and pollutant loads (cf. Fig. 1).  

Figure 1. Total emissions into the receiving body of water the from stormwater and the 
WWTP outflow  

Without the consideration of further planning measures initial results indicated a deterioration 
of the WWTP operation under all investigated scenarios. The WWTP showed performance 
constraints already in the midterm of the observation time, e.g. with regard to the total solids 
content in the biological stage, which was found to be very low and thus taken as a definite set 
point (cf. Fig. 2). This knowledge may also contribute to a better understanding of the 
adaptation potentials for wastewater decentralization in rural areas. 

Figure 2. Total solids content in the activated sludge tank for the years 2015, 2035 and 2065 

Further findings for a definite catchment area can only be drawn by consideration of specific 
boundary conditions. 
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INTRODUCTION

Wastewater management in the French Overseas Territories (FOT) are lagging behind France 
mainland and both French and European regulations. Consequences lead to numerous issues 
regarding environment (the FOT represent 80% of the French national biodiversity), sanitary 
problems, and socio-economic activities. Municipalities are characterized by resources 
weakness in terms of self-financing capacities as well as skilled human resources for 
maintenance. Treatment technologies selection and choices made for systems designs are 
suffering from missing knowledges on their operation in tropical conditions. When applied by 
private developers the choices tend towards favoring compact systems, easy to install, more 
affordable and which are saving space for constructions. Nevertheless, tropical conditions 
(heat, humidity, salinity, extreme rain events and low redox conditions at the outlet of the 
sewer), poor maintenance and spares parts importations induce many systems dysfunctions. 

Implementing a wastewater treatment plant (WWTP) in tropical conditions requires feedbacks 
on technologies behaviour under the tropics and knowledge of raw wastewater in order to 
adjust system design. Consequently a study has been conducted to compare treatments 
technologies performances, in real operating conditions, in order to optimize public 
investment by implementing suited systems to local constraints. The study has been focused 
on the five FOT (Martinique, Guadeloupe, Mayotte and La Réunion islands and French 
Guyana) and treatment plant capacities between 20 and 2 000 people equivalent (p.e.). 

MATERIAL AND METHODS

A data-base of 24 h flow composite samples has been built with data gathered from 2 
different sources: 

• According to French regulation, WWTP self-monitoring has to be performed and
sent to local water authorities. Those data are available from the FOT since 2012. The number 
of 24-hours flow-composites sample campaigns depends on plant size: 1 per 2 years from 200
to 500 p.e., 1 per year from 500 to 1 000 p.e. and 2 per year from 1 000 to 2 000 p.e. As there 
is no obligation for treatments systems below 200 p.e., such plants have been identified, but 



few data are available. The following analyses are performing on the samples: COD, BOD5, 
TSS, TKN, N-NH4, N-NO2, N-NO3, P-PO4, TP, pH, conductivity and flow measurements. 

• Local water authorities had occasionally carried out studies on specific technologies,
local area, or precise capacity. When they are based on 24-hours flow-composites sample 
campaigns, results were added to the data-base. 

The database achieved consists of 267 WWTP, and about 1 200 sampling campaigns. A 
validation step, through raw wastewater data was performed. It aimed at removing
inconsistent data or outliers. Reliability has been evaluated statistically (PCA and 
Chauvenet’s criterion tests) on both inlet pollutants concentrations and ratios between them,
such as COD/BOD5, TKN/COD, TSS/COD and NH4-N/TKN. With a small amount of data 
removed (from 0.59% for COD to 3.29% for NH4), the database gained consistency 
(reduction of standard deviation: from 92.5% for COD to 13.9% for NH4).  

In order to improve WWTP design, raw wastewater in tropical area has been characterized 
and a definition of the tropical p.e. is given. Those results are compared to domestic 
wastewater values defined from a previous study about domestic wastewater characteristics in 
French rural areas (<2,000 p.e.) (Mercoiret et al. 2010).

The second part of the study focuses on treatments systems. The WWTP sample is described 
regarding the treatment technology, and their performances in terms of removal efficiency and 
outlet concentrations are compared. 

RESULTS AND DISCUSSION

Characterization of tropical raw waste water

Regarding the range of variations for the concentrations of pollutants in raw wastewater 
(Table 1), the differences of mean values between FOT and France mainland are not 
significantly different, except for BOD5 and NH4. However, carbon and TSS upper bound 
values are higher in the FOT, showing that highly concentrate wastewater can reach the 
treatment systems. 

Table 1. Means and range of variations for the main pollutants concentrations in raw 
wastewater of small communities (< 2 000 p.e.) in French Overseas Territories (FOT) and 
France Mainland (FM). Mainland values come from Mercoiret et al. 2010. Bounds 
correspond to the 5th (lower) and 95th (upper) percentiles.  

BOD5 (mgO2/L) COD (mgO2/L) TSS (mg/L) TKN (mgN/L) NH4 (mgN/L) TP (mgP/L)
FOT FM FOT FM FOT FM FOT FM FOT FM FOT FM

Mean 340 265 653 646 300 288 65 67 49 55 8.8 9.4

Range of 
variations

Upper bound 800 570 1512 1341 825 696 129 123 97 98 19 18

Lower bound 50 39 125 122 55 53 16 14 11.4 12 2.4 2
Number of values 1425 10491 1464 10491 1439 10470 713 9605 661 4381 798 9374

When flow measurements were available, pollutants fluxes per p.e. were calculated based on 
the definition of 60 gBOD5/p.e./d. Daily p.e. production loads are presented in Table 2. All 
values are significantly different between tropical and French rural p.e. The main distinction



concerns COD production in the FOT (-16%), otherwise pollutants remain by between +/-
10%. Consumption behaviour with fewer chemicals might explain this smaller amount of 
COD. Based on these considerations, we proposed to use pollutant p.e. production of 
60/130/65/17/2.5 g/d for small communities in FOT for BOD5/COD/TSS/KN/TP respectively.

Table 2. Comparison of the French rural p.e. (Mercoiret et al. 2010) and the tropical p.e.  

BOD5 (gO2/d) COD (gO2/d) TSS (g/d) TKN (gN/d) N-NH4 (gN/d) TP (gP/d)

p.e. in French
rural areas 60 157 72 15.5 11.,5 2.1

Tropical p.e. 60 133 64 17.7 13 2.8

Small wastewater treatment systems in the FOT (20 to 2 000 p.e.)

About 900 WWTP under 2 000 p.e. have been identified in the FOT (Figure 1). Amongst 
them, a large part of the treatments systems remains unknown (42%) or belongs to on-site 
sanitation systems (22%).  As no data were available for those categories (no obligation < 200 
p.e.), they have not been included in the study. Activated sludge is the main technology
implemented in the FOT.

Figure 1. Repartition of the different treatment technology in the FOT (900 WWTP identified 
between 20 and 2 000 p.e.).
The database with consistent information counts 267 WWTP for capacities below 2,000 p.e.
Four treatments systems (biofilters, membrane bioreactors, primary treatment, trickling 
filters) were removed because the corresponding number of units was to low (<10). Due to 
contradiction or lack of information, uncertainties regarding the treatment types remain for 
about forty plants. They were also excluded for treatment technology evaluation. Finally, four
technologies (activated sludge, pond, rotating biological contactor, single stage vertical flow
constructed wetland) representing 213 plants and 962 sampling campaigns were usable for 
performances assessments (Figure 2). 



Figure 2. Proportion of the four technologies studied represented in the database (213 
WWTP).

The number of 24-hours flow-composites sample campaigns per WWTP (figure 3) is 
homogeneous regarding capacities and is below 25. At technology level, average number of 
sampling campaigns per unit varies from 10 for the VFCW to 3.5 for RBC. 

Figure 3. Number of sampling campaigns per treatment plant.

Performances of the different treatments technologies are presented in terms of removal 
efficiency (Figure 4) and outlet concentrations (Figure 5). They are discussed regarding the 
French minimal regulation objectives (removal rates: 60/60/50% for BOD5/COD/TSS or 
outlet concentrations below 35/200 mg/L for BOD5/COD) and classical more ambitious ones 
(25/125 mg/L for BOD5/COD and 70% removal rate for NTK). Values achieved are 
presented in Table 3.
Despite the fact that activated sludge is the most implemented technology, results show that it 
is the least reliable one. About 17 – 18 % of the campaigns are below the minimal removal 
regulatory objectives for TSS and COD and almost 30 % of the BOD5 outlet concentrations
are beyond the regulation. This is mainly due to sludge leakage or washout during the intense 
tropical rainy events. Removal rates of 0 % are observed for TSS in about 10% of the 
sampling campaigns sludge due to leakage. AS well, the absence of nitrification on about 12 
% of the campaigns shows that maintenance of the systems can suffer from negligence. 



Figure 4. Removal efficiency of the treatments technologies for the main pollutants.

Ponds show the same type of pattern: weak removal rates, low removal rate for COD and TSS 
for about 10% of the campaigns. However outlet concentrations are better (93.2% COD 
comply with minimal regulation), suggesting period where raw wastewater are diluted and the 
system still releasing algae. Indeed, effluent of ponds system usually has high concentrations 
of suspended solids, mainly due to algae production (Luduvice et al., 2001); it reduces the 
efficiency when influents are diluted.

Rotatives biologicals contactors have the weakest COD outlet concentration conformity 
(82%). Their performances in terms of removal rates are much better (close to 95%) for 
carbon loads, but with 13% of samplings below the regulation objectives for TSS, sludge 
leakages may occur in the settling stage. The clarifiers are effectively often a sensitive step 
regarding storm events and sludge management. 

Vertical flow constructed wetland is the most reliable technology. It fulfills all the objectives 
at a frequency of 90 to 95%. The percentages of removal rates below minimal regulation for 
BOD5/COD/TSS are respectively 5/9/3.1%. Regarding outlet concentrations over 90% of the 
samples achieve a higher standard for COD. Performance on NTK are also the best observed



(75% over 70% removal), even if it is lower than the one usually mentioned on VFCW (Molle 
et al., 2005). VFCW in the FOT has mainly a single stage; full nitrification is out of range in 
this configuration. 

Figure 5. Outlet concentrations of the 4 treatments technologies. 

Table 3. Compliance percentage by treatment technologies regarding different level of 
objectives. In grey, the French minimal regulation objectives.

< 35 
mgBOD5/L

< 25 
mgBOD5/L

< 200 
mgCOD/L

< 125 mg 
COD/L

BOD Removal 
> 60%

COD Removal 
> 60%

TSS Removal 
> 50%

NTK Removal 
> 70%

AS 71.6% 65.4% 85.2% 70.6% 92.5% 82.8% 81.5% 56.1%

Pond 96.5% 89% 93.2% 78.4% 89.5% 76.5% 75.8% -

RBC 73.7% 63.7% 82% 75.3% 95.5% 93.7% 87.1% 57.8%

VFCW 89.1% 81.2% 98.5% 90.7% 95% 91% 96.9% 75.2%



CONCLUSIONS

Comparison of raw wastewater from small communities in the FOT and in French rural areas 
shows no major differences in terms of average concentrations. Upper bounds of the ranges of 
variations suggest that sometimes, highly concentrates influents reach the WWTP. The p.e. 
pollutants production has been evaluated at 60/130/65/17/2.5 g/d for small communities in 
FOT for BOD5/COD/TSS/KN/TP respectively.

Performances comparison on the 4 treatments technologies gives important feedbacks:

Activated sludge is the least reliable technology evaluated in the FOT. Sludge 
leakages are noticeable on 10% of the campaigns. Lack of nitrification observed 
suggests maintenances troubles. 

At low loads, algae prevent ponds from achieving French minimal regulation 
objectives for the removal rates.

Settling troubles have been identified on RBC. 

With all the regulatory objectives fulfill with a 90-95% frequency, VFCW is the most 
reliable technology. It requires space and can’t be implemented everywhere, even if 
tropical design has reduces the footprint (0.8 m²/p.e.). VFCW can reach high level 
performances (125 mgCOD/L), but shows also its limits (70% of NTK removal 
achieved by 75% of the sampling campaigns). Designs adjustments like 
unsaturated/saturated system or higher filtration layer enable adaptation to different 
objectives. 

REFERENCES

Luduvice, M.L., Neder, K.D., Queiroz, T.R. and Souza, M.A.A. (2001). Sólidos suspensos 
como indicador da densidade de algas em lagoas de estabilização.The use of TSS as algae 
growth indicatorin stabilization ponds. 21° CABES, João Pessoa, Brasil, 2001.

Mercoiret, L., Molle, P. & Forquet, N., 2010. Domestic wastewater characteristics in French 
rural areas: concentrations and ratios for treatment plant under 2000 population equivalent 
(120 kg of BOD5 a day). 3rd International Smallwat Congress, Seville, Spain.

Molle P., Liénard A., Boutin C., Iwema A. (2005). How to treat raw sewage with constructed 
wetlands: an overview of the French systems. Water Science and Technology, 51(9), 11-21.

Molle P., Lombard Latune R., Riegel C., Lacombe G., Esser D. and Mangeot L. 2015 French 
vertical-flow constructed wetland design: adaptations for tropical climates. Water Science and 
Technology, 71(10), 1516-1523.

Morvannou, A., Forquet, N., Michel, S., Troesch, S. and Molle, P., 2015. Treatment 
performances of French constructed wetlands: results from a database collected over the last 
30 years. Water Science and Technology. 71 (9), 1333–1339.



 

Characterization of the composition of dissolved 
organic matter during aerobic and anaerobic 
digestion of excess activated sludge 
Ref # S2SMALL-98430 

F.S. Li1*, H.X. Du2 
1 River Basin Research Center, Gifu University, 1-1 Yanagido, Gifu 501-1193, Japan 
2 College of Urban Construction, Nanjing Tech University, Nanjing 211800, China 

 

* Corresponding Author: lifs@gifu-u.ac.jp 

Abstract: The characteristics of dissolved organic matter formed in aerobic and anaerobic 
digestion of excess activated sludge were investigated using ten reactors operated for three 
total solid concentrations (1.2, 2.3 and 5.2 %) and three temperatures (5, 20 and 35 °C). 
The obtained TOC results showed significantly higher values in anaerobic digestion than 
aerobic digestion (2.8 - 6.9 times for TS 1.2 - 5.2 % at 20 °C). Data analysis with a first-
order sequential reaction model revealed clear that the higher occurrence of DOM in 
anaerobic digestion was a combined result of comparatively faster hydrolysis (1.3 - 5.5 
times for TS 1.2 - 5.2 % at 20 °C; 1.4 - 49.3 times for temperatures 5 - 35 °C with TS 1.2 
%) and slower degradation (0.3 - 1.0 times for TS 1.2 - 5.2 % at 20 °C; 0.5 - 8.3 times for 
temperatures 5 - 35 °C with TS 1.2 %). More humic-like substances were formed in 
aerobic digestion and more proteins and aromatic amino acids were formed in anaerobic 
digestion. The molecular weight distribution indicated that UV-absorbing DOM 
constituents were highly heterogeneous, and were comparatively larger in anaerobic 
digestion than in aerobic digestion.  

Keywords: Dissolved organic matter; biomass; excess activated sludge; aerobic digestion; 
anaerobic digestion; humic substances. 

INTRODUCTION 
Population growth and rapid urbanization lead to a marked increase in the number of 
municipal wastewater treatment plants (WWTPs). For stabilization and effectively utilization 
of EAS that contains rich content of organic matter, aerobic digestion, anaerobic digestion and 
composting are considered as sustainable disposal options and their applications are 
increasing. The leachates or liquids are increasingly concerned when aerobic digestion, 
anaerobic digestion and composting are adopted for stabilization and effectively utilization of 
excess activated sludge (EAS) due to the organic matters contained therein worsen the water 
quality of natural water systems and produce odours (Cheng et al., 2009; Chen et al., 2012). 
Moreover, for drinking water production using source water merged with the leachates or 
liquids from the biological EAS treatment systems, the DOM also contributes to the enhanced 
presence of hazardous disinfection by-products in the water after treatment. 
In regard of the characteristics of DOM formed in digestion, many studies have been 
conducted focusing on the organic constituents that affect the digestion efficiency and gas 
productivity (Tomei et al., 2011). However, since DOM is a complex and heterogeneous 
mixture of polydispersed components, further characterization of its composition requires 
more indexes that are well used in water quality evaluations. Activated sludge is a mixture of 
living cells, dead cells and some inert organic solids from the wastewater and its biological 
treatment process. Increasing the sludge concentration brings about more living cells to the 
digestion process. This may contribute to differences in the increasing extent of the hydrolysis 
rate, the degradation rate or both, depending on the microbial density and structures in the 
digestion process. Changing the temperatures of digestion may bring about changes in the 



 

structures and activity of bacteria involved in hydrolysis and degradation of EAS. Responding 
to such changes, the properties of the formed DOM may change, which remain unclear in 
available literatures. Accordingly, the main aim of this study is to generate more information 
for better understanding the characteristics of DOM formed and remaining in the digestion of 
EAS under aerobic and anaerobic conditions.  

In order to generate more information for better understanding the characteristics of DOM 
formed and remaining in the digestion of EAS under aerobic and anaerobic conditions, in this 
study, five aerobic and five anaerobic digestion reactors were operated in parallel under three 
different total solid (TS) concentrations (1.2, 2.3 and 5.2 %) and three temperatures (5, 20 and 
35 oC). DOM was evaluated using the overall concentration indexes of total organic carbon 
(TOC), soluble chemical oxygen demand (SCOD) and ultraviolet absorbance at the 
wavelength of 260 nm (UV260), and the composition related properties, including the specific 
ultraviolet absorbance (SUVA), VFAs, fluorescence EEM and molecular weight (MW) 
distribution. Moreover, using scanning electron microscope (SEM), the destruction and lysis 
of cells during digestion were observed. Principal component analysis (PCA) was performed 
for better understanding the interrelations among all measured quality indexes and the 
changes of DOM properties during the digestion process. The whole concept and idea are 
shown in Figure 1. 

Sustainable EAS disposal methods:

Digestion liquid 
containing dissolved 

organic matter 
(DOM)

• Are the content and 
composition of DOM 

the same?
• How do they change 

with temperature and 
sludge content? 

Not clear!

Excess activated sludge (EAS)         

In this study

Aerobic 
digestion of EAS

Anaerobic 
digestion of EAS

Digestion liquid

• Large amount; Rich organic content; Easy to decay; Detrimental to the total environment. 

Aerobic digestion Anaerobic digestion

Sludge conc.: 1.2, 2.3 and 5.2 %. Temperatures: 5, 20 and 35 ºC. 

Content of DOM: TOC, UV260, CODcr.
Composition of DOM: VFAs, SUVA, Fluorescence EEM,                               

Molecular weight distribution. 

Important findings:

 Higher DOM formed in anaerobic digestion. 

 Faster hydrolysis and slower degradation in 
anaerobic digestion.

 DOM was affected by sludge concentration 
and temperatures.

 Faster destruction  and lysis of cells in 
anaerobic digestion.

 Increasing  temperature promoted cells’ 
destruction and lysis.

 More proteins & aromatic amino acids, less 
humic substances  in anaerobic digestion.

• Large amount; 
• Rich organic content;
• Detrimental to water environment;
• Threaten drinking water safety.

Destruction 
and lysis of 
cells:

 
Figure 1. The whole concept and idea of this study. 

MATERIALS AND METHODS 
Five aerobic and five anaerobic digestion reactors were operated in parallel under three 
different total solid (TS) concentrations (1.2, 2.3 and 5.2 %) and three temperatures (5, 20 and 
35 C). Fresh EAS was obtained from the reaction tank of a MWTP operated in the sequential 
anaerobic/aerobic mode for enhanced removal of phosphorus in Gifu, Japan. The obtained 
sludge was subjected to concentrating immediately by settling for 4 hours, followed by 



 

centrifuging at 3000 rpm for 5 mins. From the centrifuged sludge, three sludge samples with 
the total solid (TS) concentration of 1.2, 2.3 and 5.2 % were adjusted by dilution with the 
supernatant of centrifugation after filtration through 0.2 m membrane filter for direct use in 
the digestion experiments. The content of organic matter of the EAS measured by incineration 
loss was 75.2 %. Other measured parameter values for the obtained sludge were: temperature 
25 ºC, pH 6.75, DO 1.73 mg/L, ORP 159 mV and EC 29.1 mS/m. The concentration of DOM 
in the supernatant was: 17.7 mg/L as TOC, 13.4 m-1 as UV260 and 40 mg/L as SCOD.  

Ten digestion reactors (namely R1 - R10), each having a volume of 500 mL, were used for the 
experiments. R1 - R5 were operated under aerobic condition; while, R6 - R10 under anaerobic 
condition. The added volume was identical: 300 mL for each reactor. Aerobic digestion was 
ensured by consistent air bubbling with an air pump (Power: 2.5 W, Air flow: 2 L/min); and 
anaerobic digestion was ensured by tightly sealing the reactors with rubber stoppers lined with 
Teflon sheet immediately after addition of the EAS samples. The reactors were placed on 
three water bath shakers adjusted to 5, 20 and 35 C, respectively, and were shaken gently to 
ensure uniform reactions within each reactor. 

The observed TOC data under each digestion condition were analyzed using a first-order 
sequential reaction model that considered both hydrolysis and degradation. Based on the 
magnitudes of estimated rate parameters, the differences between aerobic and anaerobic 
digestion and the effects of TS concentrations and temperatures were discussed. Moreover, 
using scanning electron microscope (SEM), the destruction and lysis of cells during digestion 
were observed. 

For simple quantitative comparison of the differences in the digestion rate of EAS under the 
investigated experiment conditions, the following first-order sequential reaction model was 
used to describe the observed concentration profiles of DOM: 

   BOMdah
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where, kh is the rate parameter of hydrolysis and kd is the rate parameter of degradation; C is 
the detected DOM concentration; t is the reaction time; Ca0 is the total concentration subjected 
to hydrolysis; Ca is the concentration of the hydrolysis product (i.e., the total concentration of 
the formed DOM from the EAS due to hydrolysis); CBOM is the initial concentration of DOM 
existed in the liquid phase of the EAS supplied to each reactor, referred here as background 
organic matter (BOM). For fresh EAS, BOM is mainly consisted of the dissolved organic 
substances remaining in the water after biological treatment and is generally considered least 
or non-biodegradable. From the above two equations, the following solution can be obtained: 
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Since TOC is more appropriate than COD and UV260 for complete quantification of DOM, in 
this study, the observed concentration profiles of TOC were used for searching the rate 
parameters kh and kd under all experiment conditions. The searching was made by minimizing 
the relative error defined by the following equation (Eq. 4) between the observed TOC 
concentrations and the calculated ones from Eq. 3. For CBOM, since the supernatant of the 
obtained sludge after centrifugation and filtration was used to dilute the centrifuged sludge for 
the experiment, its value was the TOC concentration of the supernatant (17.7 mg/L). Ca0 was 



 

the sum of CBOM and the converted TS concentration to TOC (4529, 9040 and 20312 mg/L for 
TS concentrations of 1.2, 2.3 and 5.2 %, respectively) based on the conversion ratio, i.e., the 
content of organic carbon in TS measured by a C/N analyzer (CN-22F, Shimadzu Co., Japan) 
(38.4 % for the EAS used in this study). 
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where, Ci (obs) and Ci (cal) are the observed and calculated TOC concentrations in the liquid 
phase of each reactor, and n is the number of samples collected for TOC analysis. 

RESULTS AND DISCUSSION 

Content of DOM assessed by overall quality indexes 
Over the total digestion time for 61 days, a trend of rapid TOC increases followed by either 
slight increases or gradual decreases was observed (data not shown). The increases reflected 
the result with the rate of hydrolysis being higher than the rate of degradation. In contrary, the 
observed decreases reflected the result that the rate of degradation exceeded the rate of 
hydrolysis or hydrolysis had terminated. After digestion for 61 days, the values of TOC under 
the anaerobic condition at 20 ºC were obviously higher than those under the aerobic condition, 
as shown in Figure 2; however, at 5 ºC the differences between the two conditions were 
becoming smaller. For UV260, the value differences between the two conditions were less 
apparent. A general trend of increases of TOC and UV260 with increases of either the TS 
concentration or the temperature was revealed, except for the anaerobic condition with TS of 
1.2 % and temperature of 5 ºC. 

 
Figure 2 The concentrations of TOC and UV260 at the end of digestion for 61 days in the 
aerobic and anaerobic reactors under different TS concentrations and temperatures. *The 
value for day 46. 
 



 

Lysis of the microorganisms 
The observed presence of DOM in the liquid was a combined result of the destruction and 
lysis of the microorganisms and the breakdown of some of their released organic species. The 
occurrence of the destruction and lysis of the microorganisms during both the aerobic and 
anaerobic digestion processes could be clearly seen from the SEM images given in Figure 3 
as examples for the condition with the TS of 1.2 % and temperature of 20 C. Elongated and 
rod shaped bacteria were evident in the initial period (day 2). However, after 31 days, they 
looked well swelled, with their shapes becoming irregular. Then, at the end of digestion for 61 
days, their shapes became vague and can hardly be distinguished. For all reactors, the changes 
in the shape of bacteria were found more dramatic for anaerobic digestion, suggesting their 
faster destruction and lysis than aerobic digestion. Disintegration of sludge flocs in anaerobic 
fermentation was also found by Pang et al. (2014). In association with the increases of DOM, 
for both aerobic and anaerobic conditions, increasing the temperature from 5 to 35 C 
significantly accelerated the destruction and lysis of microorganisms (SEM images not 
provided here). In a previous study, Climent et al. (2007) reported that higher temperatures 
could enhance the denaturation of proteins and the permeabilization of cell membrane, 
resulting in faster leakage of intracellular substances. 

Day 2 Day 61Day 31
(a)

(b) Pores of membrane 
filter with 0.2 μm

Bacteria

 
Figure 3 The destruction and lysis of microorganisms observed by SEM (×19000) during 
digestion in aerobic (a) and anaerobic (b) reactors operated at 20 oC with the TS concentration 
of 1.2 %. 
Rate parameters of hydrolysis and degradation in EAS digestion 
The searched kh and kd by model fitting the observed TOC data are shown in Table 1. 
Compared to aerobic digestion, anaerobic digestion was found faster for hydrolysis to take 
place. As shown in this table, for aerobic digestion, kh increased from 0.0005 day-1 to 0.0010 
day-1 as temperature increased from 5 to 35 oC for reactors with the TS concentration of 1.2 
%; and from 0.0007 day-1 to 0.0205 day-1 as TS increased from 1.2 to 5.2 % for the reactors at 
20 C. For anaerobic digestion, the corresponding increase of kh with the increase of 
temperature was from 0.0007 day-1 to 0.0493 day-1 and that with the increase of TS 
concentration was from 0.0031 day-1 to 0.0258 day-1, respectively; with the values being 
generally higher than those estimated for the aerobic digestion. The trend of increases of kh 
with the increases of temperature supported the result of Lin et al. (2016) that the hydrolysis 
rate increased as the temperature of digestion increased from 25 to 50 oC. 



 

In regard of the degradation rate, kd for the aerobic digestion varied from 0.0407 to 0.0667 
day-1 as temperature increased from 5 to 35 C and from 0.0552 to 0.5580 day-1 as TS 
increased from 1.2 to 5.2 %; with its values being obviously higher than those for the 
anaerobic digestion (from 0.0201 at 5 C to 0.0464 day-1 at 20 C and 0.0464 to 0.1922 day-1 as 
TS increased from 1.2 to 5.2 %, respectively). The higher rate of hydrolysis and lower rate of 
degradation for anaerobic digestion, as compared to aerobic digestion, was the reason for 
accumulation of DOM in the reactors. 
Table 1 The rate parameters of hydrolysis and degradation of DOM in aerobic and anaerobic 
digestion of excess activated sludge estimated using a sequential reaction model. 

Aerobic kh kd Error 

TS = 1.2 % 
5 C 0.0005 0.0407 0.125 

20 C 0.0007 0.0552 0.153 

35 C 0.0010 0.0667 0.243 

20 C 

TS = 1.2 % 0.0007 0.0552 0.153 
TS = 2.3 % 0.0022 0.1112 0.027 
TS = 5.2 % 0.0205 0.5580 0.136 

Anaerobic kh kd Error 

TS = 1.2 % 
5 C 0.0007 0.0201 0.014 

20 C 0.0031 0.0464 0.006 

35 C 0.0493 0.5513 0.118 

20 C 

TS = 1.2 % 0.0031 0.0464 0.006 
TS = 2.3 % 0.0120 0.1097 0.049 
TS = 5.2 % 0.0258 0.1922 0.062 

kh: first-order hydrolysis rate parameter (day-1); kd: first-order degradation rate parameter 
 (day-1); Error: the difference between calculated and observed TOC concentrations. 

Composition of DOM assessed by fluorescence EEM 
Peak 1 and 2 at the excitation/emission (Ex/Em) wavelengths of 485/514 and 340/428, reported 
to reflect humic acid-like substances (Chen et al., 2003), were two common peaks emerged 
during both aerobic and anaerobic digestion, as shown in Figure 4. The values of the 
fluorescence intensity of all peaks remaining at the end of the digestion for 61 days are plotted 
in Figure 5. The total fluorescence intensity was higher for the EAS after anaerobic digestion, 
suggesting that relatively larger proportions of the hydrolysis products were remaining in the 
liquid due probably to their slower degradation rate as shown earlier in Table 2. In addition, it 
is obvious to see that, during the whole operation, Peak 2 and 5 were detected with 
comparatively higher percentages in the DOM evaluated by the fluorescence intensity in the 
aerobic reactors; and Peak 3 and 4 in the anaerobic reactors. This indicated that DOM formed 
and remaining after aerobic digestion contains higher content of humic acid- and fulvic acid-
like substances; and that after anaerobic digestion contains higher content of aromatic proteins 
and tryptophan- and tyrosine- aromatic amino acids. This coincides with the previous result 
that proteins were the largest organic fraction of EAS (Pang et al., 2014); and more proteins 
and less humic substances were formed under anaerobic condition (Ramdani et al., 2012; 
Shao et al., 2013). Composition analysis further indicated that more humic substances were 
formed in aerobic digestion; while, in anaerobic digestion, proteins and aromatic amino acids 
were the major constituents. For both digestions, except for a few exceptions, proteins and 



 

humic substances increased as the TS concentration increased; and increasing the temperature 
led to a decrease in the content of proteins formed in both aerobic and anaerobic digestion, 
and an increase in the content of humic substances in the aerobic digestion.  
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Figure 4 The fluorescence EEM of DOM during digestion in the aerobic (a) and anaerobic (b) 
reactors operated under 20 oC with the TS concentration of 1.2 %. 

 
Figure 5 Fluorescence intensity of all peaks of DOM in the aerobic and anaerobic reactors at 
the end of digestion for 61 days. *The value for day 46. Peak 1, 2, 6, 7: humic acid-like 
substances; Peak 3: aromatic proteins; Peak 4: tryptophan-like and tyrosine-like aromatic 
amino acids; Peak 5: fulvic acid-like substance and Peak 8: peptides and proteins. 



 

CONCLUSIONS  
Using five aerobic and five anaerobic digestion reactors, the characteristics of DOM formed 
and remaining in the liquid of the digestion treatment of EAS of a representative WWTP were 
investigated. Compared to aerobic digestion, anaerobic digestion resulted in significantly 
higher concentrations of DOM. This was due to the accumulation of organic substances 
brought about by the higher rate of hydrolysis and the lower rate of degradation. A general 
trend of concentration increases of DOM with the increases of TS and temperature was 
confirmed. Model simulation indicated that increasing TS could promote both hydrolysis and 
degradation; however, the effect was more obvious in aerobic than anaerobic digestion. 
Increasing temperature also promoted hydrolysis and degradation; however, different from the 
effect of TS, the effect of temperature was found more obvious in anaerobic digestion. In 
addition to these, the composition analysis by the fluorescence EEM indicated that more 
humic and fulvic-like substances were formed and remaining during aerobic digestion; while 
during anaerobic digestion, more proteins and aromatic amino acids were formed. Moreover, 
the composition analysis based on molecular weight distribution indicated that the UV-
absorbing DOM constituents formed in anaerobic digestion had larger molecular weight but 
was less heterogeneous than those formed in aerobic digestion. In association with the 
increases of DOM, for both aerobic and anaerobic conditions, increasing the digestion 
temperature from 5 to 35C significantly accelerated the destruction and lysis of 
microorganisms (SEM images not provided here), leading to increases in the hydrolysis rate, 
with the effect being more obvious in anaerobic digestion. 
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Abstract: Closing the water and nutrient cycles in sewage treatment plants (STPs) can 
boost local economic activities, ultimately contributing to enhancing sewage collection and 
treatment in developing countries. However, there is a remarkable challenge to effectively 
promote resource recovery in small STPs in Brazil, due to large geographical areas, 
sparsely distributed populations, poor transport links etc. This current study assessed the 
potential recovery of treatment by-products (sludge and treated effluent) from all small 
scale (10,000 Pe) STPs, existing and planned, in two different Brazilian watersheds in the 
state of Minas Gerais. The potential nitrogen and phosphorus supply from sludge and 
effluent was evaluated for use in agroforestry activities and recovery of degraded areas by 
iron ore extraction. Additionally, the potential supply of reuse water (treated effluent) for 
mining dust suppression was assessed. Results showed that the demand for nutrients and 
water resources would exceed the total potential by-products supply from STPs. Finally, a 
comparison was made between final disposal costs of sludge on landfills and agricultural 
areas, the latter being the more economically feasible option. 

Keywords: Circular economy; nutrient recycling; sewage sludge; treated sewage; water 
reuse. 

INTRODUCTION 
There is a huge sanitation deficit in Brazilian municipalities (only 42.7% of the generated 
sewage is currently treated (SNIS, 2015)), partly due to the fact that they have difficulty 
accessing financial resources for implementing infrastructure for sewage collection and 
treatment (Stepping, 2016). Recovering resources from small sewage treatment plants (STPs) 
can potentially increase sewage collection and treatment by integrating them to municipal 
economic activities. The benefits of closing the water and nutrients cycles, as well as 
minimizing the impact of untreated sewage discharges into water bodies, should all be taken 
into account by decision makers. The biggest challenge facing initiatives for recovering 
resources from STPs relies on finding appropriate ways to balance and link resource supply 
and demand. This can be especially difficult in the case of large geographical areas, sparsely 
distributed populations, poor transport links etc. 

The aim of this study was to evaluate alternatives for sludge and treated wastewater usage as 
resources recovered from existing and planned small STPs (< 10,000 Pe) in two watersheds of 
the São Francisco River (SF), which is one of the most important Brazilian rivers, which 
crosses five federal states. These watersheds - Rio das Velhas (SF5) and Jequitaí-Pacuí (SF6) 
- were chosen due to their remarkable importance and socioeconomic and environmental
diversity. Mining (iron ore) and agriculture are of major economic importance in watersheds
SF5 and SF6, respectively.

The potential for recycling nutrients (nitrogen and phosphorus) recovered from sludge and 
treated effluent from STPs was evaluated for use in agroforestry activities and recovery of 



degraded areas by the iron ore mining sector. Additionally, the potential of water reuse for 
dust suppression through treated effluent spraying on roads in mined areas was evaluated, as 
this is one of the main uses of water by the local mining sector (Freitas, 2012). 

MATERIALS AND METHODS 

Study area and evaluated scenarios 
The study area comprises two important watersheds in the São Francisco river (SF), called 
Rio das Velhas (SF5) and Jequitaí-Pacuí (SF6), both located in the state of Minas Gerais. The 
municipalities in which there were small sewage treatment plants (< 10,000 Pe) already 
installed, being built or would be implemented in the short term (designs approved by local 
authorities) were selected. Sanitation service providers, municipal plans for sanitation and 
other official sanitation reports (FEAM, 2010; CBH Velhas 2015) were assessed to effectively 
select the STPs. 

According to the status of the STP (operating, in construction or to be implemented), three 
scenarios were defined: S1) existing STPs in their current operational average flow; S2) 
existing STPs in their maximum design flow; and S3) existing and predicted STPs in their 
maximum design flow. S1 and S2 scenarios comprise 19 municipalities, with a total area of 
12,148 km² and 30 STPs. Scenario S3 is composed of 35 municipalities, with a total area of 
25,830 km² and 47 STPs. 

Estimated supply of nutrients and water for reuse from STPs 
Nutrients supply was estimated individually for each sewage treatment plant, considering both 
the nutrient availability in the sludge (solid phase) and the treated effluent (liquid phase). 
Therefore, the following data were assessed: 

 Main design characteristics of the STPs: treatment flow-sheet and installed capacity; 

 Monitoring data from service providers: average operational flow, sludge production, 
average effluent concentration of N and P; 

 Parameters from the literature: per capita sludge production and related nutrients (N 
and P) and solids content according to the treatment technology applied (e.g. UASB 
reactor with drying beds) (Andreoli et al. 2014; Rosa et al. 2015; Nascimento, 2016).  

In summary, the estimation of nutrient supply in the sludge consists in multiplying the annual 
STP production of sludge by its typical concentrations of N and P. The estimation of nutrient 
supply in the treated effluent consists in multiplying the STP flow rate by the typical 
concentrations of N and P in treated effluent. The potential for wastewater reuse was 
considered to be equivalent to the sewage flow rate for each of the scenarios evaluated.  

Estimated nutrient demand for agroforestry and mining activities 
The nutrient demand for agroforestry activities (pastures, forestry, temporary and permanent 
crops) was estimated by multiplying the total intended area for such economic activity in the 
study region by the specific need for fertilization of each established crop. Nutrient demand 
for the recovery of degraded areas by iron ore mining was calculated by multiplying the total 
estimated degraded area by the specific need for fertilization of the crop to be established.  

The area of each municipality associated to agroforestry was assessed by using surveys 
published by the Brazilian Institute of Geography and Statistics (IBGE 2015a; 2015b). The 
main mines in the studied region were identified (Minérios & Minerales, 2016) and the areas 
degraded by extraction of iron ore were estimated using GIS methods (spatial delimitation of 



mines by visual interpretation and on-screen scanning of satellite images). A total of 13 
mining areas were identified in the study area. 

Finally, the need for fertilization required by each crop was based on official agronomic 
recommendations for the State of Minas Gerais (Ribeiro et al. 1999). 

Estimated demand for treated wastewater in mines 
The demand for treated sewage for dust suppression in mining activities was estimated based 
on an average water consumption of 4 L.d-1.m-²road (Mills, 2010). Dust suppression is one of 
the main uses of water resources by the mining sector and does not require water of high 
quality (Freitas 2012). Internal traffic roads were assessed using satellite images to determine 
the typical width of the mining roads in the study area. 

Comparison between supply and demand for nutrients and treated wastewater by 
agroforestry and mining activities 
The comparison of nutrients supply and demand for agroforestry activities in the studied area 
was done in terms of total values and also broken down by municipality. In this case, the 
corresponding radius around the STP that could be fertilized with the by-products (sludge and 
treated effluent) was estimated, taking into account the unitary nutrients demand 
(kgnutrients.km-2). 

For mining activities, the supply of nutrients and treated wastewater from STPs located at a 
maximum distance of 25 km from each mine were considered. It is important to emphasize 
that only the nutrient content of sludge was considered, since the treated effluent would be 
used as water source for dust suppression. 

Economic assessment 
An economic assessment was performed considering Scenario 1 by comparing the costs of 
final disposal of sludge on landfills and agricultural use of sludge. The available landfills in 
the study area were selected based on the Integrated Environmental Information System of the 
State of Minas Gerais (SEMAD, 2017). The average cost of landfilling was determined based 
on actual costs obtained from three different local companies (US$ 19.09.t-1, US$ 28.10.t-1 e 
US$ 30.09.t-1). For each STP, the sludge transport distance to the nearest landfill site was 
determined, as well as the estimated number of trips necessary to dispose of the material, 
considering a truck capacity of 12 t. Transportation costs were proportional to the distances 
travelled, as follows: US$ 0.19.km-1.t-1 up to 50 km, and US$ 0.06. km-1.t-1 between 50 and 
200 km (SIFRECA-ESALQ-LOG, 2017). 

For agricultural use of sludge, the cost of sanitization (with addition of CaO at 30% of the dry 
sludge mass (Andreolli et al. 2014)) was considered. The cost of lime was US$ 120.85.t-1 
(reference month: July 2017). The costs for transportation were estimated using the same 
methodology aforementioned for landfilling. Transportation distances were defined assuming 
the radius of the potential area of fertilization from each STP, as previously described. As the 
obtained radius represent linear segments (actual road networks were not considered), an 
increase factor was applied, based on the difference between actual and linear distances of 
STPs to final disposal sites. 

RESULTS AND DISCUSSION 

Assessment of by-products utilization in agroforestry activities 
The demand and supply of nutrients for agroforestry activities (permanent and temporary 
crops, silviculture and pasture) are summarized in Table 1. The presented values comprise the 



total nutrient demand of the municipalities in each scenario, as well as the total possible 
nutrient supply for STPs in each scenario. 

Table 1. Demand and supply of nutrients for agroforestry activities 

Nitrogen (t.year-1) Phosphor (t.year-1) 

Scenario Demand Supply Demand Supply 

1 19,979 229 6,278 29 

2 19,979 317 6,278 45 

3 49,534 584 14,580 76 

The percentage of all nitrogen and phosphorus demand that could be supplied from the STPs 
by-products is relatively low: less than 2% for nitrogen and 1% for phosphorus in all of the 
considered scenarios. Nevertheless, it should be noted that this source of nutrients could 
represent an important supply for the studied region. If the total treated sludge and effluent 
were destined for agricultural use in permanent crops, for example, it would be possible to 
meet their entire phosphorus requirements in all of the scenarios. In this case, half of the 
nitrogen demand would also be accomplished. 

In regards to STP management and environmental issues, the high existent local demand for 
by-products stands out, as it brings important benefits, such as the elimination of sludge 
disposal on landfills, for example. 

Considering the nutrient demand of the associated agroforestry activities, highest demand was 
for pastures, followed by forestry, temporary and permanent crops. The lack of nutrients in 
pastures can be justified by the existence of large areas destined to livestock, which implies 
low rate of pasture occupation in the studied region.  

Results show that the largest portion of the nutrients available in treatment by-products 
(sludge and treated effluent) was present in the treated effluent rather than in the sludge. The 
nitrogen and phosphorus content available in the sludge for the different scenarios were 
between 5-10% and 12-18%, respectively.  

The radiuses that could be fertilized using recovered nitrogen from STPs were 1.3, 1.6 and 1.7 
km in scenarios S1, S2 and S3, respectively. As for phosphorus supply, these values were 0.9, 
1.2 and 1.2 km, respectively. Therefore, to effectively achieve agricultural recycling of the 
sludge and treated effluent it is not expected that large distances will have to be reached. The 
demand by agricultural activities in the immediate vicinities of STPs would be enough to 
absorb the entire supply. 

Assessment of STP by-products utilization in iron ore mining activities 
The demand and supply of nutrients and treated sewage for iron ore mining activities 
(recovery of degraded areas and dust suppression) are summarized in Table 1. The presented 
values comprise the total nutrient demand of all degraded areas as well as the total demand for 
water resources for dust suppression. The estimated nutrient supply by sludge and treated 
sewage took into account STPs located at a maximum distance of 25 km from the mines, for 
each proposed scenario. This led to a total of 9 sewage treatment plants. 



Table 2. Demand and supply of nutrients for iron ore mining activities 

Nitrogen Phosphor Treated sewage (l.s-1) 

Scenario Demand (t) Supply (t.year-1) Demand (t) Supply (t.year-1) Demand Supply 

1 318 1.9 222 0.6 204 28 

2 318 2.7 222 0.8 204 31 

3 318 4.8 222 1.4 204 61 

Following the previously observed trend for agroforestry activities, the nutrients requirement 
for recovery of degraded areas far exceeds the local supply. Considering scenario 3, which 
has the largest amount of sludge produced and available nutrients, the use of this by-product 
in mines would supply about 0.6% and 1.5% of the annual demand for phosphorus and 
nitrogen, respectively.  

Nutrients demand for recovery of degraded areas is only associated with the establishment of 
the forage crop. In contrast, agricultural crops need regular maintenance fertilization (side-
dressing fertilization). Therefore, the nutritional requirement for recovery of degraded areas 
refers to a total value for revegetation of the area and not to a need to be supplied annually. 
This implies that the recovery of these areas through the use of sewage sludge could be done 
in a gradual manner, considering several consecutive applications. 

The supply of treated effluent exceeded the demand for dust suppression. Nevertheless, it can 
represent an important relief in the pressure for water resources exerted by this industrial 
sector. In the third scenario, for example, almost 30% of water demand could be met with the 
use of treated effluent. 

Economic assessment 
The costs associated with sludge disposal on landfills and agricultural use are summarized in 
Table 3. The relation between the total cost of disposal in landfill and agricultural use varied 
between 1.56 and 2.47. 

Table 3. Transport and disposal costs of sludge on landfill and agricultural use. 

Landfill Agricultural Use 

Costs Disposal (US$.year-1) Transport (US$.year-1) Lime (US$.year-1) Transport (US$.year-1) 

Total 37,010 1,345 17,947 98 

Min. 190 5 94 < 1 

Max. 4,505 207 2,219 11 

Mean 1,234 46 598 3 

The costs for landfilling and acquisition of lime are the most representative of the total costs 
of each final disposal method. It was found that the cost of landfilling is, on average, 2.1 times 
that of lime acquisition. 

It is worth mentioning that the area that could potentially be fertilized with sludge was 
estimated based only on the N and P content in the sludge. Therefore, this current analysis did 
not take into account additional costs related to transport to longer distances, due to 
restrictions on land use and occupation in the vicinity of the STPs and other legal restrictions.  



Although transport costs may have been underestimated in the case of agricultural use, they 
were considerably lower than the total cost in both cases. In regards to landfill disposal, the 
cost of transportation varied between 0.3% and 7.7% of the total costs, while in agricultural 
costs ranged from 0.2% to 1.0%. 

Sludge sanitization with lime causes an increase in the amount of material to be transported 
and disposed of, besides promoting the reduction of nutrient availability in the sludge, such as 
nitrogen and potassium (Lu et al. 2012). Additionally, the aspects related to the infrastructure 
and equipment for the application of lime were not evaluated. 

CONCLUSIONS  
 The demand for nutrients and treated wastewater resources by the assessed economic 

activities far exceeds the existing supply from local small STPs in the studied area. 
However, the use of by-products in the vicinity of STPs would provide economic and 
environmental gains associated with the reduction of sludge landfilling, for instance. 

 The costs associated with sludge disposal on landfills reached values up to 2.47 times 
higher than the costs of agricultural disposal, demonstrating the economic potential of 
agricultural use for the assessed scenarios. 
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Introduction

In 2006 the Government of India issued a notification requiring the installation of on-site 
sewage treatment plants (STPs) for construction projects >20’000 m2 (MoEF, 2006). In 
parallel, states like Karnataka have made the policy more stringent (STP required in buildings 
with >50 apartments) and introduced Zero Liquid Discharge (ZLD). ZLD insists on the reuse 
of all the treated water that is being generated on site. These policies have resulted in the 
installation of several thousand small-scale sanitation systems in urban India, a majority of 
them in metropolitan areas. Most of the STPs are variations of the activated sludge process.

In the past decade small-scale sanitation systems have proven to be a viable alternative to 
conventional large-scale centralised systems in certain contexts (Wilderer et al., 2000; 
Parkinson et al., 2003; Larsen et al., 2013). International experience shows that successful 
at-scale implementation entails more than replicating a large number of discrete projects 
(Eales et al., 2013). Scaling-up requires effective management, innovative financing plans 
and, often, inclusion of the private sector (Abeysuriya et al., 2007; Evans, 2013). It also 
requires different institutional arrangements, depending on the location, to make the most 
efficient use of available resources (Reymond et al., 2016).

At a time where the number of small STPs is growing rapidly in India, it is crucial to check if 
these requirements are met and if the new policies have translated into functioning systems on 
the ground.

Material and Methods

This study combines the analysis of existing systems in the field with a review of the enabling 
environment for small sanitation systems. Lüthi et al. (2011) structure the enabling 
environment in six categories: (i) government support; (ii) legal and regulatory framework; 
(iii) institutional arrangements; (iv) skills and capacity; (v) financial arrangements; and (vi) 
socio-cultural acceptance. A policy and social network analysis was carried out to characterise 
institutional arrangements and formal/informal relationships between stakeholders, via 
semi-structured interviews and fully structured questionnaires. An exhaustive evaluation 
questionnaire was used to collect information on the implementation, operation and 
management of about 400 small-scale STPs. In parallel, an in-depth sampling campaign was 
carried out to assess the technical performance of 40 units, representing a sample of the more 
widely implemented technologies. This methodology allowed an integrated assessment from 
policy to the realities on the ground.
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Results and Discussion

This research shows an uncontrolled development of small-scale sanitation in India. There is 
no unified and comprehensive listing of small STPs installed in different states. In the city of 
Bangalore alone, more than 640 STPs have officially been built until today (KSPCB, 2016).
The authors’ database, however, suggests a figure that is six times higher. Hundreds of private 
suppliers are implementing a mosaique of solutions, with little control by authorities. While
the policies succeeded in fostering the construction of a large number of on-site STPs, the
state governments do not have the capacity to monitor and enforce the correct design and 
performance of all these installations. This allows building owners to minimise operational 
costs (e.g. through intermittent running of systems or by hiring unskilled operators) and to 
neglect STP maintenance. Consequently, an estimated two-thirds of the systems in Bangalore 
are out of service or underperforming. A similar situation prevails all over the country.

It appears that the high discharge standards are not pragmatic when compared to the 
performance of many available STP technologies. Only energy-intensive systems can meet 
the standards. However, many real estate developers rather select technologies based on low 
capital cost, and owners develop strategies to circumvent performance monitoring attempts. 

The ZLD policy is innovative and targets the increasing water scarcity in Indian cities. 
However, it faces practical challenges, due to insufficient potential for on-site reuse of the 
treated water, and the absence of collection and transport initiatives to link producers with 
consumers of reclaimed water. Planning beyond installation level is needed to ensure reuse.

The analysis of the enabling environment shows that legal and regulatory frameworks are in 
place to some extent, but they have not been followed by appropriate financial and human 
resources for the responsible agencies to be able to enforce the law and monitor the systems. 
This study highlights the bottlenecks of the current scaling-up of small STPs in India, but also 
provides evidence of success and failure factors, on the technical and management side. 
Besides, it pinpoints the strengths and weaknesses of the institutional arrangements. These 
findings should allow to improve the scaling-up process of small-scale sanitation in the future.
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INTRODUCTION / MAIN METHIODS

About 700,000 on-site wastewater treatment systems (OWTS) have been installed in Sweden, 
serving both year-round and summer houses (Olshammar et al., 2015). Their treatment 
efficiency is often questioned, because they may contribute considerably to eutrophication of 
natural surface waters. It is estimated that the phosphorus (P) discharge of all the OWTSs 
accounts for 15% of the total anthropogenic P emissions to Swedish surface waters; the same 
amount as all municipal wastewater treatment plants combined (Ejhed et al., 2011). About 
half of the existing facilities are not built according to the guidelines (Ek et al., 2011) and 
discharge higher levels of nutrients into the receiving waters than suggested by the current 
recommendations. When new OWTS need to be built, or old ones upgraded because of 
facility ageing, or population dynamics or the need for legal compliance, it is often difficult 
for operators (usually house owners) and the supervising authority (the municipalities) to 
discern among the different available options and their sustainability.
The aim of this study is to benchmark different on-site wastewater treatment solutions using a 
multi-criteria analysis (MCA) and sustainability indicators. Both, the OWTS options 
commonly used in Sweden and other less common options, such as source-separation 
systems, are included. The present paper focuses on the environmental indicators.

Eleven alternatives (general systems types) were analyzed by the MCA, including five soil-
based treatment combinations, such as septic tanks, drain fields, sand filters, alkaline filters 
for P removal, and P removal by precipitation. Furthermore, three source-separation 
alternatives were chosen, consisting of greywater (sand filter treatment) and blackwater 
separation (anaerobic digestion treatment and/or urine diversion with different treatments). 
Finally, three packaged plants closed the list of alternatives, selected mainly on the basis of 
differences in their technological characteristics and commercial availability in Sweden. 

The criteria and indicators used in the MCA were defined on the basis of discussions with 
experts in the field and the earlier research, and estimated both qualitatively and quantitatively
from the available literature data (see Table 1). The scores based on constructed scales (that 
represent relative preferences for the consequences) were calculated for each indicator to 
make them mutually comparable. The result of such analysis is a performance matrix that 
rates the performance of the alternatives against each indicator. Furthermore, a reference 



group, consisting of researchers, authorities and consultants, will discuss and assign additive 
weights to each criterion to reflect the relative importance and stakeholders’ interests.

Table 1. Criteria and indicators selected for the multi-criteria analysis. The focus of this paper 
will only cover the environmental indicators. Qual. = quality indicator, quant. = quantity 
indicator.

MAIN RESULTS AND CONCLUSIONS

Preliminary results show that the three source-separation options contribute least emissions to 
surface waters with respect to P and especially N. Soil-based systems that include the septic 
tank, P precipitation, sand filter and drain field also show high reduction rates for BOD and P, 
but lower for N as compared to source separation systems.

The calculation of the potential for nutrients recycling was challenging, because various 
assumptions substantially influenced the results. Two indicators for potential recycling of 
nutrients were considered; the total recoverable fraction, assuming that nutrients are recovered 
from most of the materials (sand filters, P filters, and sludge), and the more “realistic” fraction 
that is potentially recoverable according to the current practice.

The expected results consist in a ranking of the selected alternatives, on the basis of their 
performance against the environmental criteria, and stakeholders´ preferences that can be used 
in support of the decision-making processes. Multi-criteria analysis was found to be a useful 
tool to compare a range of criteria of different nature, support complex decisions and provide 
informed preferences.

Criteria type Indicator Units Qual. (L)/ 
Quant. (T)

Aim

Environmental Emissions to surface waters
Potential for nutrients recycling 

%
%

T
T

High reduction
High potential

Emissions to air

Energy use 
Energy recovery

Kg CO2-
eq/year
MJ/year
H-M-L
(3,2,1)

T
T
L

Low emissions
Low energy use
High energy 
recovery

Economic Investment costs (capital cost)

Operation & maintenance costs 

SEK/life 
expectancy
SEK/year

T
T

Low cost
Low cost

Socio-cultural Social acceptance

Complexity of technique

H-M-L
(3,2,1)
H-M-L
(1,2,3)

L
L

High social 
acceptance
Low technical 
complexity

Technological Robustness H-M-L
(3,2,1)

L High robustness

Resilience 
(Upgradability/flexibility)

H-M-L
(3,2,1)

L High resilience
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Introduction

The cut off of operational costs at the wastewater treatment plants via energy optimization 
is recently focused not only in the Czech Republic but also worldwide. The benchmarking tool 
is applied to establish austerity measures. Bigger wastewater treatment plants (generally, more 
than 10 000 PE) already implement those cost saving scenarios. Recent small-scale wastewater 
treatment plants less than 10 000 PE were built together with sewerage via grant funding with 
investment costs as key indicator in the Czech Republic. Those plants have usually very high 
operational costs and created the cost burden for the municipalities that operate it. There is big 
demand for technological retrofit leading towards austerity measures. Also the increasing price 
of energy leads operators to optimize existing energy plant streams and discover alternative 
energy sources. Cost savings scenarios are recently focused not only for wastewater, but 
throughout all industries. Therefore, we will focus on the smaller wastewater treatment plants 
(less than 10 000 PE) to create and design novel modular wastewater treatment plant and also 
optimization scenarios for the retrofit of existing wastewater treatment plants.

Material and Methods

Our solution needs thorough identification and specification of local conditions and 
requirements to analyze wastewater treatment plant design, calculations, dimensions and 
construction in the view of small renewable energy sources. The detailed approach of technical 
solution supported by municipality needs and economic analyses will be introduced. The 
holistic innovative solution interlinks technologies described by mathematical-physical models. 
Interconnection between models will lead to the architecture of data control system, predictions, 
system optimizations and algorithm testing and development. Algorithms will be incorporated 
into software application that will perform operational management and optimization for whole 
small-scale wastewater treatment plant. Last step will be successful validation, technical 
documentation and overall evaluation. Overall approach will be verified and evaluated at
municipal wastewater treatment plant for 1200 PE. 

Results and Discussion
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Project started in January 2017 and therefore thorough analysis of the testing place with 
suggested manual will be introduced in the full-text. The plan of next validation steps will be 
introduced too.  
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Abstract

In this paper, we studied the phosphorus balance of a small nutrient sensitive catchments in Austria, 
we estimated the costs of different options to remove phosphorus from small wastewater treatment 
plants (WWTPs), and estimated the number of small WWTPs with less than 500 person equivalents 
(PE) for which phosphorus removal could be relevant in Austria. In the Wambach catchment, a case 
study in Upper Austria south of Linz, the phosphorus emissions from the small WWTPs are relatively 
low when compared to those from agricultural run-off. However, as emissions from WWTPs occur 
continuously, they are the main source of high phosphorus concentration in the receiving water, 
especially during low flow periods. Phosphorus removal from small WWTPs is thus a relevant goal 
in nutrient sensitive catchments. When considering a period of 30 years, the yearly costs of post-
treatment filters for phosphorus removal (using Phosclean ® as filter material and dimensioned for 
a lifetime of 10 years) are 34.60 EUR per person and for phosphorus precipitation and 37.40 EUR 
per person, respectively. Post-treatment filters have higher investment costs compared to phosphorus 
precipitation; however, the operational costs of the filters are significantly lower (and limited to the 
exchange of the filter material at the end of its lifetime). Additionally, post-treatment filters do 
require almost nor maintenance work whereas precipitation requires continuous operational and 
maintenance efforts from the operator. Thus, post-treatment filters are a favourable technology for 
small WWTPs that usually lack of operation staff. Additionally, Phosclean ® give the potential for 
recovering the phosphorus from the filter material once the lifetime of the filter is over. Yearly, 
21.5 tons phosphorus could be recovered in Austria from the around 3'900 small WWTPs in nutrient 
sensitive catchments alone for which phosphorus should be removed from an environmental 
perspective. If phosphorus recovery is aimed for on a larger scale, post-treatment filters would be a 
suitable and easy to implement technology that is also applicable for larger WWTPs.
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INTRODUCTION

For small wastewater treatment plants (WWTPs) in Austria, no standard for nitrogen and phosphorus 
removal exists (1.AEVkA, 1996). Nitrogen removal is generally required at WWTPs larger than 
5,000 person equivalents (PE), phosphorus removal at plants larger 1,000 PE. However, for sensitive 
receiving water bodies authorities can request removal of nitrogen and phosphorus. Many small 
WWTPs in Austria are located in rural areas with small sensitive receiving waters. For most of the 
small sensitive catchments in Austria, phosphorus is the limiting nutrient. 

In this paper, we focus on small WWTPs with less than 500 PE and phosphorus removal. According 
to Langergraber and Weissenbacher (2017), the number of small WWTPs in Austria is about 28'700. 
The most popular technologies applied are conventional activated sludge systems, treatment 
wetlands 



and sequencing batch reactors (SBRs) with about 7'000, 5'500 and 4'500 plants in operation,
respectively.

For larger WWTPs, phosphorus precipitation is state-of-the-art and commonly applied. It has been 
shown that phosphorus removal is also technologically feasible for small WWTPs. Lauschmann et 
al. (2013) presented results from applying pre-precipitation to a vertical flow wetland in Austria.
However, due to the operational requirements of phosphorus precipitation and the relatively high 
costs, these technology is not suitable for very small WWTPs (less than 50 people connected). 

Practical experience of the local authorities that are giving the permission for operating WWTPs 
shows that phosphorus precipitation at WWTPs with design size < 50 PE does not work over a longer 
period. Thus, local authorities hardly request phosphorus removal for small WWTPs even for very
sensitive catchments.

The application of post-treatment filters with high phosphorus adsorbing filter materials has been 
investigated during the last 20 years and a large number of potential filter materials has been studied 
(e.g. Loderer, 2005; Vohla et al., 2011). The filter materials studied for phosphorus removal include 
natural materials (e.g. apatite, oyster shells), industrial by-product (e.g. oil shale ash blast furnace 
slags) and manufactured products (such as Filtralite P ®, Ferrosorp ®, LECA ®, Phosclean ®). As 
phosphorus is a limited mineral resource, filter materials from which phosphorus can be finally reused 
as fertilizer in agriculture are preferable. Thereby, the effects of high phosphorus binding capacity for 
high removal and high plant availability of phosphorus as fertilizer might be contradictory (Jenssen 
et al., 2010).

For this study, we investigated crashed concrete, Ferrosorp ® and Phosclean ® as potential filter 
materials post-treatment filters. In a previous study (Loderer, 2005), crashed concrete and 
Ferrosorp ® have been shown to be the best materials in terms of adsorption capacity, whereas 
Phosclean ® is a relatively new product that is based on apatite and is already used in France since 
about 10 years (Molle et al., 2011). The producers of Phosclean ® aim to use the bound phosphorus 
as fertilizer once the filter saturation is reached.

In this study, we investigate the use of post-treatment filters for phosphorus removal from small 
WWTPs within the specific Austrian context. The specific objectives of the work are: 

1. To investigate the effect of phosphorus removal in small WWTPs on the phosphorus balance
of a small catchment.

2. To compare the costs of different solutions for phosphorus removal for small WWTPs, i.e.
phosphorus filters and precipitation.

3. To estimate the number of small WWTPs in Austria for which phosphorus removal is relevant
based on immission-related criteria.

Material and Methods

Phosphorus balace of a small catchment
As case study for a small sensitive catchment, the Wambach stream south of Linz in Upper Austria 
was selected. The Wambach stream has a length of 8 km with mean water 0.11 m³/s, its catchment is 
14.4 km². In the Wambach catchment there is no sewer system, 15 small WWTPs treat the wastewater 
of about 180 persons (Figure 1). 8 WWTPs in the Wambach catchment have biological treatment 
with nitrification (as requested by the Austrian regulation) whereas the remaining 7 WWTPs are old 
plants with only primary treatment.



Besides the WWTPs, other sources for phosphorus considered in the catchment are erosion from 
agricultural fields, drainages, and fishponds. Data from literature and from the Government of Upper 
Austria have been used as basis for estimating the phosphorus balance of the catchment. 

Besides for the actual status (i.e. 8 WWTPs with biological treatment and 7 WWTPs with primary 
treatment), phosphorus emissions from WWTPs have been calculated for three further scenarios:

1. The 7 WWTPs with primary treatment are upgraded to biological treatment with nitrification.

2. Phosphorus removal is only applied for the 8 WWTPs that already have biological treatment.

3. Phosphorus removal is applied for all 15 WWTPs, i.e. the 7 WWTPs with primary treatment
are upgraded to biological treatment with nitrification.

The phosphorus load of raw wastewater is assumed to be 1.8 g P.person-1.day-1, the daily water 
consumption 100 L.person-1.day-1, resulting in a concentration of 18 mg P/L in raw wastewater. 
Based on measurements of the local authorities, the average effluent concentration of small WWTPs 
in this area is 9.6 mg P/L, thus the average P removal for small WWTPs with nitrification was 
assumed to be 47 %, i.e. the effluent load from the WWTPs is 0.96 g P.person-1.day-1. For scenarios 
with phosphorus removal, the maximum phosphorus an effluent concentration of 2 mg P/L was 
assumed (the effluent standard for WWTPs >1,000 PE according to 1.AEVkA, 1996), i.e. the effluent 
load is reduced to 0.20 g P.person-1.day-1.

Figure 1. Wambach stream catchment (left) and small WWTPs in the catchment (right) (adapted 
from Langitz, 2017).

Costs of different solutions for phosphorus removal for small WWTPs
Costs have been calculated for different technological solution for phosphorus removal, i.e. 
phosphorus precipitation and post-treatment filters with different reactive media (crashed concrete, 
Ferrosorp ® and Phosclean ®). 

For the estimation of costs, a WWTP with 15 PE has been used. This is the average size of a WWTP 
in the Wambach catchment. Post-treatment filters have been dimensioned assuming a typical influent 
concentration of 9.6 mg P/L and a maximum effluent concentration of 2.0 mg P/L for three different 
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lifetimes of the filter material, i.e. 1, 7.5 and 10 years, respectively. 7.5 years have been chosen as the 
typical duration for permits for small WWTPs in Austria is 15 years and thus one change of filter 
material with the permit duration occurs.

The yearly costs have been calculated for all alternatives according to LAWA (2005). Investment, 
operational and reinvestment costs have been considered. The net present values have been calculated 
for 15 and 30 years duration using an interest rate of 3 %. 

Costs for phosphorus precipitation have been calculated based on data from Lauschmann et al. (2013), 
cost for the post-treatment filters are based on the data from Loderer (2005). More details on the cost 
calculations can be retrieved from Langitz (2017).

Number of small WWTPs in Austria with requirement for phosphorus removal
Gerstorfer (2017) overlapped the location of the 28'700 small WWTPs (Langergraber and 
Weissenbacher, 2017) with the map of Austrian surface waters that have issues with nutrients (NGP,
2015). Based on the number of small WWTPs and the occurrence of nutrient sensitive water bodies 
this analysis could be restricted to the federal states Upper Austria, Lower Austria and Styria (more 
than 60 % of the small WWTPs are locatedin these three states). In the other federal states, either the 
number of nutrient sensitive water bodies and/or the number of small WWTPs is low.

Results and Discussion

Phosphorus balance of a small catchment
Table 1 summarises minimum and maximum yearly phosphorus loads to the Wambach catchment. 
The analysis showed that erosion from agricultural fields is the main source of phosphorus emission. 
However, this emission only occurs during rain events. The second largest proportion of phosphorus 
emission origins from the WWTP effluents. As the small WWTPs are not obliged to remove 
phosphorous the emissions are relatively high. Especially at low water flows, small WWTPs are the 
main source for phosphorous emissions and result in concentrations in the Wambach of about 
0.2 mg P/L. Other phosphorus emissions pathways have shown to be of minor importance.

Table 1: Phosphorus loads to the Wambach catchment in kg P.year-1 (Langitz, 2017).
Source Minimum Maximum
Erosion from fields 252 2,516
Small WWTPs 82 94
Drainages 7 19
Fishponds 0 10

Table 2 shows the yearly phosphors emissions from the small WWTPs. By up-grading the 7 WWTPs 
that currently have primary treatment only to the state-of-the-art, the emissions can be reduced by 
22 % compared to the current status. When phosphors removal is additionally applied at the 
8 WWTPs that have nowadays biological treatment the emissions can be reduced by 43 %. Finally, 
when all 15 WWTPs have biological treatment plus phosphors removal, 83 % of the current 
phosphors emissions can be avoided. 



Table 2: Phosphorus emissions from small WWTPs to the Wambach catchment for different 
szenarios (Langitz, 2017).

Szenario WWTPs with P emission Reduction
biological 
treatment

primary 
treatment

P-removal (kg P.year-1)

Base 8 7 0 88 -
1 15 0 0 69 22 %
2 8 7 8 50 43 %
3 15 0 15 15 83 %

Costs of different solutions for phosphorus removal for small WWTPs
Yearly costs for the different technological options are presented in Table 3 for a period of 
consideration of 15 years and in Table 4 for a period of consideration of 30 years, respectively. It can 
be clearly seen that a shorter lifetime of the filter, i.e. a smaller filter volume that is exchanged more 
often, is favourable compared to a larger filter volume. Tis is mainly because the investment costs are 
much less for smaller filters. However, this strategy is not applicable for some filter materials that 
require a higher hydraulic retention time of in the post treatment filter (e.g. Phosclean ®). Crashed 
concrete is the cheapest filter material, however, there is no supplier to date that provides and 
guarantees quality of the material in relation to grain size and composition and thus, finally also 
phosphorus adsorption. As Ferrosorp ® is about three-times more expensive compared to 
Phosclean ® and additionally requires the largest filter volumes it is economically not feasible. The 
yearly costs of Phosclean ® filter dimension of 7.5 or 10 year lifetime are similar as the yearly costs 
of phosphorus precipitation. For Phosclean ® filters investment costs are higher but operational cost 
(only the periodically exchange of filter material) are lower compared to precipitation.

Table 3: Yearly cost in EUR.person-1.year-1 for the different technical options for phosphorus 
removal from a WWTP with 15 PE over a 15-year period of consideration.

Life time Costs Post-treatment filter of Precipitation
of filter crashed concrete Ferrosorp ® Phosclean ®
1 year Investment 1.52 4.53 2.48 5.33

Operational 4.79 31.09 14.59 19.53
Total 6.32 35.62 17.07 24.86

7.5 years Investment 10.40 32.93 17.56 5.33
Operational 2.60 16.15 7.02 19.53

Total 12.99 49.08 24.57 24.86

Table 4: Yearly cost in EUR.person-1.year-1 for the different technical options for phosphorus 
removal from a WWTP with 15 PE over a 30-year period of consideration.

Life time Costs Post-treatment filter of Precipitation
of filter crashed concrete Ferrosorp ® Phosclean ®
1 year Investment 1.52 4.53 2.48 5.33

Operational 7.87 51.05 23.96 32.07
Total 9.39 55.57 26.43 37.40

7.5 years Investment 10.40 32.93 17.56 5.33
Operational 4.77 37.26 16.25 32.07

Total 15.17 70.19 33.80 37.40
10 years Investment 13.81 43.86 23.36 5.33

Operational 3.34 24.86 11.29 32.07
Total 17.15 68.72 34.64 37.40



Number of small WWTPs in Austria with requirement for phosphorus removal
Table 5 summarises the number of small WWTPs in Lower Austria, Styria and Upper Austria and 
shows the percentage of those WWTPs located in nutrient sensitive catchments. From the 18'100 
small WWTPs in the three federal states, about 3'900 or 21% are located in nutrient sensitive 
catchments. The highest share can be found in Upper Austria where 41 % of the small WWTPs are 
located in nutrient sensitive catchments, i.e. in total about 1'000 plants. The highest number with 
about 1'900 small WWTPs is found in Styria. As mentioned above, the number of WWPTs in nutrient 
sensitive catchments in Carinthia, Salzburg, Tyrol and Vorarlberg is negligible as there are almost no 
nutrient sensitive catchments, in Burgenland and Vienna, the number of small WWTPs is very low 
(Gerstorfer, 2017).

Table 5: Number of WWTPs smaller than 500 PE in Lower Austria, Styria and Upper Austria 
located in nutrient sensitive catchments.

Federal state Total number Located in nutrient sensitive catchments
Lower Austria 4'900 940 19%

Styria 10'700 1'900 18%
Upper Austria 2'500 1'040 41%

Total 18'100 3'880 21%

The spatial distributions of these WWTPs in Upper Austria is shown in Figure 2. Most small WWTPs 
in nutrient sensitive catchments are located in the districts north of the Danube (i.e. the districts 
Rohrbach, Urfahr-Umgebung and Freistadt) and in the districts Schärding, Ried/Innkreis and Linz-
Land. The highest share can be found in Ried/Innkreis, where 227 or 95 % of the 238 small WWTPs 
are located in nutrient sensitive catchments. Due the more mountainous landscape, the share of small 
WWTPs in nutrient sensitive catchments is low in the districts with the most small WWTPs (i.e.
Kirchdorf and Steyr-Land). In the other two investigated federal states, Lower Austria and Styria, the 
results have been similar. Most small WWTPs in nutrient sensitive catchments have been found in 
the lowlands and almost none in the more mountainous regions.

When considering the average size of the 3'880 small WWTPs of 20 PE, there is demand for 
phosphorus removal from WWTPs that treat the wastewater of about 77'600 persons. When 
considering an inflow concentration to the post-treatment filters of 7.9 mg P/L, the maximum allowed 
effluent concentration of 2.0 mg P/L and a daily water use of 100 L per person and day, the theoretical 
recovery potential of phosphorus from small WWTPs is about 21.5 tons per year.



Figure 2: Distribution of small WWTPs in nutrient sensitive catchments in the districts of Upper 
Austria (meaning of the numbers e.g. for Freistadt district: 152 small WWTPs of in total 279 small 

WWTPs are located in nutrient sensitive catchments, i.e. 69 % of the total number).

Conclusions

It can be concluded that:

Phosphorus released from small WWTPs in the Wambach catchment only contributes little 
to the overall phosphorus emissions when compared to agricultural run-off.

However, emissions from small WWTPs occur continuously and not only during storm 
events. Thus, WWTP emissions are mainly responsible for the phosphorus emissions in the 
stream during low flow periods.

Phosphorus removal at small WWTPs in a sensible catchment can significantly reduce the 
concentration in the receiving waters.

Post-treatment filters for phosphorus removal using Phosclean ® as filter material that are 
designed for a lifetime of 7.5 or 10 years have comparable yearly costs when compared to
phosphorus precipitation.

These post-treatment filters have significantly higher investment costs; however, they have 
almost no operational requirements during the lifetime of the filter media whereas 
phosphorus precipitation requires constant operational efforts, which is a problem especially 
for small WWTPs.

 Additionally, Phosclean ® filters give the opportunity to recover the phosphorus from the 
wastewater thus being an interesting alternative when resources should be recovered.

> 160 WWTPs
121-160 WWTPs
81-120 WWTPs
41-80 WWTPs
1-40 WWTPs
no WWTPs

Steyr-Land 



The total amount of phosphorus that can be recovered from the around 3'900 small WWTPs 
in nutrient sensitive catchments only is about 16.7 tons per year.
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Introduction

In cases where very low (<0.2 mgP/L) phosphorus concentrations are required, advanced 
tertiary treatment options are required (Metcalf and Eddy, 2003). Adsorption of phosphate 
using low-cost minerals can be a cost effective process. Zeolites are hydrated alumina-silicate 
minerals; they have a defined framework structure with micropores and mesopores which are 
filled with water and cations (Król et al., 2012). Due to its negative surface charge, this material 
has not been widely used to remove phosphate (Jiang et al., 2013). The modification of its 
anionic species can enhance the characteristics of this material and improve its sorption capacity 
for anions. The modified zeolite can be an attractive option to remove low phosphate 
concentrations (Kim et al., 2013;  et al., 2013). In this work chemically modified zeolite was 
used as an adsorbent to remove and recover phosphate from secondary effluent.  

Material and Methods

Natural zeolite (85% clinoptilolite) from Greece was used as an adsorbent. Zeolite was washed 
with deionized water, and dried at 180°C. 10 g/L of zeolite was placed in FeCl3 and CaCl2 

solution containing 425 mgFe(III)/L and 250 mgCa/L respectively for 2 days to produce the Fe-
modified zeolite (Fe-Z) and the Ca-modified zeolite (Ca-Z). The sorption tests were carried out 
in batch reactors having a working volume of 500 mL. The effect of a number of parameters on 
the sorption process was tested, including the type of chemical modification (Fe-Z, Ca-Z), 
sorbent concentration (0.5-10 g/L), the pH of the solution (4-9), and the liquid medium (aqueous 
solution, secondary effluent). Phosphate sorption kinetics and equilibrium were examined. EDS 
was used to analyse the natural zeolite, the Fe-Z and Ca-Z. The measurement of phosphate 
concentration was done according to the standard methods.  

Results and Discussion 

The EDS characterisation shows that the primary constituents of natural zeolite are Si and Al. 
After the modification of the material with Fe(III), Si remains the main constituent of the 
adsorbent followed by Al, Ca and Fe, as presented in Table 1. The iron content in the adsorbent 
after the modification is increased due to the ion exchange between Mg and Ca as evidenced 
by the decrement of the Mg/Si and Ca/Si ratios after de modification. Also, it is possible to 
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determine that the aluminosilicates properties of N-Z were not affected by the modification 
because the Al/Si ratio remains practically the same for N-Z, Fe-Z and Ca-Z (Table 2). 

The equilibrium data fitted very well to Freundlich’s equation R2 0.93 for all the examined 
cases. Therefore, a multilayer adsorption could be ruling the process for the two concentrations. 
Several authors have also reported that Freundlich is the best model to explain the P-adsorption 
isotherms for chemically modified zeolite. The examination of the process kinetics showed that 
the pseudo-second order provided the best fit to the experimental data with R2>0.97; this 
revealed that chemical sorption is the dominant phosphate removal mechanism. As the dosage 
of the chemically modified zeolite was increased the phosphate removal efficiency increased, 
while the sorption capacity at equilibrium qe. The sorption of phosphate followed the order Fe-
Z > Ca-Z > N-Z, with N-Z resulting in negligible sorption. Low pH (=4-5) resulted in enhanced 
P removal by Fe-Z compared to pH=8-9; this showed that H2PO4 was more effectively sorbed 
to Fe-Z than HPO4

2-. The secondary effluent resulted in similar and in some cases high sorption 
capacity compared to aqueous solutions, showing that the presence of other cations such as 
nitrates, sulphates and chlorides did not adversely affect the P sorption process.   
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Element

(%w)

Adsorbent

N-Z Fe-Z Ca-Z

Mg 3.53 2.99 3.15

Al 16.07 15.33 15.17

Si 59.02 55.6 56.22

S 0.42 0.17 0.38

K 1.01 2.24 0.97

Ca 9.43 7.47 14.29

Fe 8.59 15.84 8.07

others 1.93 0.36 1,75

Adsorbent

Element Ratio

Al/Si 

(% wt)

Fe/Si 

(% wt)

Ca/Si 

(% wt)

Mg/Si 

(% wt)

N-Z 0.272 0.146 0.160 0.059

Fe-Z 0.276 0.285 0.134 0.054

Ca-Z 0.270 0.143 0.254

Table 2: Chemical characteristics of
the adsorbent materials (%w)

Table 1: Al/Si, Fe/Si, Ca/Si and Mg/Si ratios of 
natural and modified zeolite (N-Z and FeZ)
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Introduction

The European Directive 2000/60/EC, which established a framework for Community action in 
the field of water policy, aimed to achieve good surface water status for all Member States 
before December the 22nd, 2015. Despite its commitment to reach this goal, over 75% of 
France's continental area is still classified today as sensitive to eutrophication. Phosphorus is 
recognized as the main factor responsible for fresh water eutrophication (Barroin, 2003). For 
example, it is the first cause of the downgrading in quality of surface fresh water bodies in the 
Loire watershed (Agence de l’Eau Loire-Bretagne, 2015). A specific demand for P removal is 
presently developing in France, from water regulation authorities towards small communities, 
in order to comply with EC Directives.

During the last 15 years, various processes have been specifically designed for P removal in 
small community effluents, mainly using natural compounds, such as Apatite (Troesch and al., 
2016), or industrial by-products, such as electric-arc furnace slags (Prigent, S., 2012). However, 
our benchmarking of tenders published in 2016 in France shows that, whenever P removal is 
required for a small wastewater treatment plant (capacity < 2000 PE), FeCl3 precipitation on 
activated sludge plants remains the adopted solution in 86% of cases (28 plants in 2016). 
Nonetheless, activated sludge is the most expensive process for small units (Observatoire de 
l’eau en Seine et Marne, 2011). This fact indicates that, in spite of all the research work which 
has already been done, a strong need remains for a P removal process that would be specifically 
adapted to small communities, in terms of efficiency, ease of operation, and cost. Our work 
presents an innovative answer to this problem, using adsorption on custom-designed aluminas.

Material and Methods

We specifically designed alumina-based adsorbants for Phosphorus removal using a simple 
filtration process. We first characterized their Phosphorus adsorption capacities through batch 
experiments, using both synthetic solutions with P concentrations between 2 and 100 mg/l 
(dissolution of NaH2PO4 in demineralized water), and a real effluent sampled at the outlet of a 
reed bed sewage treatment plant. We then performed dynamic experiments on columns filled 
with 0.60 ml of the best solids, in order to confirm their P-binding capacities at hydraulic 
residence times of 0.25, 0.5, and 1.0 hour. Outlet P concentration was monitored at regular 
intervals during 200, 100, and 50 hours, respectively. The adsorbants' ability to be regenerated 
was also investigated by testing different regeneration protocols involving acid and basic 
solutions. Presently, this new dephosphatization process is under evaluation at pilot scale in real 
conditions, in order to determine its scalability to full size units.



Results and Discussion

Among the tested solids, some reach a P-binding capacity of between 12 and 15 mgP/g in jar 
tests. Their capacities in column experiments are nevertheless smaller than in batch 
experiments, with capacities of between 2.6 and 6.1 mgP/g. This reduction of capacity was 
predictable as we chose to stop the experiment when the outlet concentration of phosphorus 
reached 2 mgP/L. Due to the mass transfer zone in the column, part of the adsorbant remains 
unsaturated under these conditions. However, these capacities are still highly interesting for 
waste-water dephosphatization, especially since we succeeded in regenerating them. The graphs 
in figure 1 show breakthrough curves after four successive cycles. Despite a totally inefficient 
regeneration procedure in cycle 3, the P-binding capacity is almost fully restored in cycle 4. 
These results prove the efficiency of regeneration process, when adequately conducted, and 
present a new means of P-recovery from small communities' wastewater treatment plants. Pilot-
scale experiments in representative conditions are presently being monitored in order to confirm 
these results.

Figure 1. Comparison of initial Phosphorus breakthrough curve with curves obtained after one, or several, 
regeneration cycles. Filtration on mixed oxide-alumina adsorbant media.
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INTRODUCTION AND MAIN METHODS 
Whilst municipal wastewater treatment plants (WwTPs) serving less than 2,000 population 
equivalents (PE) were traditionally designed to treat organics and suspended solids, in recent 
years legislation worldwide is requiring even these rural works to deliver effluents with low 
levels of ammonia (NH4-N) and phosphorus (TP). These can be as low as less than 3 mgNH4-
N/L and less than 1 mg TP/L. As a result, WWTPs operators need upgrading technology 
options that can be easily retrofitted into existing flowsheets. Tertiary constructed wetlands 
(CWs) can be one such technology.  

This presentation will summarise three different research projects that examined the potential 
of CWs to provide tertiary nitrification and remove residual TP from chemically-dosed 
effluents. The work includes the monitoring of five full-scale aerated horizontal flow (AHF) 
CWs, two conventional tertiary HF CWs, and eight pilot-scale tertiary vertical flow (VF) 
CWs installed at an operational WWTP. Effluent were monitored with a combination of 
composite and grab samples that were analysed following Standard Methods (2005) at 
Cranfield University laboratory facilities; in-situ measurements of relevant environmental 
parameters including dissolved oxygen (DO), pH, and sludge levels; sludge digestion for 
determination of total content of TP and iron (Fe); and particle size fractionation analysis of 
water samples to distinguish between suspended, colloidal and dissolved species of TP and Fe 
(Dotro et al 2015).  

MAIN RESULTS AND CONCLUSIONS 

Tertiary nitrification  
The introduction of aeration, either passively in VF or forced in AHF systems, ensured DO 
was no longer a limiting variable in achieving tertiary nitrification. Both types of wetlands 
showed an increase in nitrification capacity commensurate with the increase in influent 
ammonia concentration, suggesting the systems were load limited rather than oxygen limited 
(Figure 1). Effluent concentrations achieved in both types of CWs were well below 3 mg/L, 
thereby enabling the existing works to meet new consents. Nitrification rates were likely 
limited by the availability of nitrifier population, which relates to load profile of the individual 
sites. The maximum nitrification capacity was not reached in either type of system during 
either the full scale (AHF) and pilot scale (VF) trials.  
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Figure 1. Ammonia removal as a function of ammonia load in (a) aerated horizontal flow and 
(b) vertical flow CWs. Figure 1a adapted from Butterworth et al (2016).
Phosphorus removal 
Both tertiary CWs were able to retain phosphorus. Size fractionation of the samples indicated 
phosphorus was retained primarily from the particulate fraction (>0.45 um), as expected from 
a chemically-dosed effluent. Both aerobic CWs were able to produce treated effluents of <0.5 
mg TP/L, whereas effluents from conventional (anoxic) HF systems were more dynamic and 
had some events of P release (Figure 2).  



Figure 2. Total phosphorus concentrations and size fractionation in influent and effluent 
wastewater samples in VF wetland pilots.  Adapted from Jenkins (2017).  
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Introduction

Conventional UV lamp technology used for municipal applications utilizes either LP or 
MP mercury vapor lamp sources, with the majority of small systems utilizing LP lamps as these 
can be easily used in a normal electrical system and the low flows result in a small UV system 
footprint.  

While LP sources are more germicidally efficient, they lack any polychromatic nature 
which is now known to have advantages for inactivation of pathogens, specifically for viruses 
such as adenoviruses (Yates et al., 2006; Linden et al., 2007).  

Recent advances in UVLED technology now offer the opportunity to create a tailored 
wavelength-specific disinfection system, with greatly improved efficiency over MP systems 
(Lawal, 2012) and no use of mercury in the lamp construction. Improved efficiency is due to 
better power conversion to light emission, emission targeted to the action spectra of pathogens, 
and potential for improved architecture in UV system design. UVLEDs are now available in 
wavelengths below 250 nm and gains in efficiency are increasing and expected to follow trends 
of other visible light LEDs. For small system disinfection, UVLEDs offer the potential for a 
low-power, high efficiency, pathogen targeted disinfection system. The first such commercial 
UVLED disinfection system, the UV Pearl (Aquionics, Earlanger, KY) is recently available for 
purchase for industrial use. The objectives of this work were to evaluate the use of UVLEDs 
for disinfection of pathogens and surrogates by combining various wavelength specific
UVLEDs, based on pathogen action spectra, and evaluate disinfection efficiency in comparison 
to conventional UV sources on the bench and pilot scale. 

Material and Methods

UVLEDs of varying wavelengths were tested in combinations for inactivation of indicators 
and pathogens and evaluated based on UV dose and energy consumption compared to UV 
253.7 nm LP UV sources. UVLEDs are being evaluated in pilot studies at a small water
treatment plant in Colorado for efficacy of disinfection and operations, including investigation 
of sustainability.
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Results and Discussion

Efficacy in inactivating common water-borne pathogens, fecal indicators, and surrogates E. coli,
MS2 coliphage, adenovirus 2, and 
Bacillus pumilus spores by LEDs 
emitting at 260 nm, 280 nm, and the 
combination of 260|280 nm together was 
compared with the efficacy of the 
medium-pressure (MP) UV lamp as well 
as with low-pressure (LP) UV 
irradiation.  Figure 1 illustrates the 
emission spectra of the LEDs and 
mercury lamps.  Evaluation was for 
potential synergistic effects for both 
inactivation and the DNA and RNA 
damage level. For E. coli, the results 
showed similar inactivation rates among all five UV sources. For MS2 coliphage, the 260 nm 
LED was most effective, followed by the equally effective 260|280 nm combination and MPUV, 
and subsequently the 280 nm and LP UV sources. For adenovirus 2, the MPUV was 
significantly more effective than the other four UV sources. For B. pumilus spores, the MPUV 
was most effective, followed by the equally effective 260 nm and 260|280 nm LEDs with the 
280 nm LED and LPUV irradiation the least effective. Each scenario was also compared for 
electrical energy per order of log reduction. No dual-wavelength synergy was detected in all 
four microorganisms and viruses nor in the DNA and RNA measured. The flow-through UV 
reactor system is currently installed and being evaluated for another 6 months. 
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Figure 1.  Emission of two common UV LEDs in
comparison to LP and MP mercury vapor lamps.
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Abstract

Moringa oleifera functional sand (ƒ-sand) can effectively remove bacteria from water by immobilizing 
and inhibiting Escherichia coli onto a polypeptide attached to the sand surface. The aim of this work 
was to investigate whether the ƒ-sand could be regenerated by subjecting the inhibited bacteria to either 
heated water or a non-ionic surfactant solution. The initial method trialed involved washing ƒ-sand with 
water heated between 60°C and 100°C. The second method trialed involved washing the sand with 
0.001 M, 0.01 M and 0.1 M dodecyl glucoside. The use of the 60°C water and the 0.01 M dodecyl 
glucoside to regenerate ƒ-sand was successfully demonstrated.

Keywords: dodecyl glucoside, functional sand, Moringa oleifera, MO . polypeptide, 
reuse   

INTRODUCTION

Moringa oleifera seeds are traditionally used for water treatment due to its ability to visibly 
clarify turbid water (Jahn & Dirar 1979). This effect is due to MO . , a water soluble, cationic 
polypeptide that inhibits bacterial organisms, and coagulates suspended particles. MO . has 
been observed to adsorb electrostatically onto the negatively charged surface of silica sand 
particles. This functional sand (ƒ-sand) can be used to attach and inhibit E. coli (Jerri et al.
2012). The inhibition of the E. coli by MO . occurs via penetration into the bacterial 
membrane by a hydrophobic kink in the amino acid sequence of the polypeptide and is separate 
to that part of the sequence which initiates coagulation (Suarez et al. 2005). The interaction 
between the E. coli and MO . leads to fusion of the inner and outer membrane, causing the 
antimicrobial effect (Shebek et al. 2015). The MO . is reported to adsorb to a range of surfaces 
including rice husk ash and granular activated carbon (Barajas & Pagsuyoin 2017). 

In practice this attachment of E. coli to the ƒ-sand prevents any further bacterial inhibition and 
the ƒ-sand cannot be reused. This study investigates the effect that heat and two surfactants 
have on the attachment of MO . to the sand surface and whether either of these methods can 
be used to separate inhibited E. coli from the MO . without desorbing the MO . from the 
sand. The MO . polypeptide is reported to be thermoresistant and able to withstand heating to 
95°C for 5 hours without loss of activity (Ghebremichael et al. 2005). In this study, the effect 
of water heated between 60 °C and 100 °C on the ƒ-sand was determined. So was the effect of 
this heated water on the inhibited E. coli. This was compared to the effect of the non-ionic 
surfactant dodecyl glucoside as investigated previously (Williams Submitted). Dodecyl 
glucoside is a non-ionic surfactant. It is non-hazardous, biodegradable and rapidly degrades in 
aquatic environments (Gamia et al. 1997) and is known by the trade names lauryl glucoside 
and coco glucoside. Dodecyl glucoside is derived from glucose and fatty alcohol and is use in 
a wide range of household products including shampoos, clothes washing detergents and 
dishwashing detergents. In our previous work we determined that exposing 1 g samples of ƒ-
sand to the dodecyl glucoside resulted in a 10% reduction in the amount of polypeptide on the 
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sand surface and that no further loss of MO .  occurred despite repeat washing (Williams Submitted).
MATERIALS AND METHODS

A 0.05 g/mL crude M. oleifera solution was prepared by mixing 20 g of dry, powdered M.
oleifera seed with 400 mL of a 0.1 M sodium chloride solution for one hour. The crude solution 
was sieved and filtered through 0.45μm filter paper (Millipore) to remove any seed particles
and bacteria. 100 g of commercially available, fine grained silica sand was thoroughly rinsed
with deionised water, dried then autoclaved. The sand was combined with 400 mL of the
filtered crude extract solution and mixed on a shaker plate for one hour. The ƒ-sand was
thoroughly rinsed with deionised water and dried overnight at 50°C.
Initial tests were performed to determine the effect of heat on the attachment of MO2.1 to the 
sand. Dry 1g samples of ƒ-sand were heated between 50 ºC and 100 ºC for 5 to 60 minutes. The 
ƒ-sand was then rinsed and the remaining MO . eluted using a 0.6 M NaCl solution. The 
amount of polypeptide remaining on the ƒ-sand after heating was determined by measuring the
absorbance of the filtered solution at 280 nm using UV-visible spectroscopy (Shimadzu, 1601 
UV-visible spectrophotometer). The concentration of polypeptide was determined using the
Beer-Lambert law, Abs= lc, with a path length (l) of 1 cm and an extinction coefficient of
1520 (Aitken & Learmonth 1996). The mass of MO . on the sand surface was then determined 
in mg per g sand using a molecular weight of 6781.6 g/mL, based upon the reported amino acid 
sequence of MO . (http://www.uniprot.org/).  

The temperatures which did not significantly affect the attachment of the MO . to the sand 
surface were tested to elucidate their effect on the attachment of bacteria to the MO . . This 
was compared to the effect of different concentrations of the non-ionic surfactant dodecyl 
glucoside (CAS 11061-47-9, Ingredients Plus Australia) For this, 40 mL of a sterile 0.85% 
NaCl solution dosed with 1x10 CFU/mL Escherichia coli (ATCC® 25922™) was run through 
50 g of ƒ-sand contained in a glass column. Unattached E. coli was removed by rinsing the 
column twice with sterile Milli-Q water. The immobilised E. coli was exposed to either 80 mL 
heated water or 40 mL of surfactant solution (0.01 M, 0.001 M or 0.0001 M dodecyl glucoside)
followed by two to four 40 mL rinses with sterile Milli-Q water. The entire process was 
repeated three times with the same ƒ-sand sample to determine the reusability and the amount 
of E. coli removed each time was recorded. For the heated water tests, a uniform ƒ-sand 
temperature was achieved by packing the ƒ-sand  into a glass condenser fitted with a filter and 
pumping heated water around the outside of the columns while the heated water passed through 
the centre. The column was then rinsed twice with sterile Milli-Q water. Fluorescence imaging 
was performed on the ƒ-sand at initial bacteria attachment using a Nikon live cell microscope. 
The E. coli cells were stained with propidium iodide; a fluorescent stain which only attaches 
to membrane-compromised bacterial cells.

RESULTS AND DISCUSSION

The attachment of E. coli to the ƒ-sand surface was confirmed via elution and imaging (Figure 
1). The inhibited E. coli is visible as fluorescent ovals across the sand surface and confirm the 
result that the bacteria is inhibited by the MO .  as the dye used does not stain living cells.
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Figure 1. Fluorescence image of E. coli on ƒ-sand surface. Scale bar 100μm 

Heating the 1g samples affected all samples with immediate reduction in the amount of MO .
attached to the sand surface (Figure 2). At 70°C and below, no further loss was recorded. At 
80°C and 90°C there was consistent loss of polypeptide over the hour and at 100°C there was 
an immediate loss of MO .  however, the amount lost after varied much more than the other temperatures tested.  

Figure 2. Effect of heat on ƒ-sand. A: 70°C, B: 80°C, C: 90°C, D: 100°C
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The efficacy of water heated to 60°C, 70°C and 100°C for removal of the inhibited E. coli was 
then tested in columns containing ƒ-sand (Figure 3). Water heated to 60°C was effective at 
regenerating the column and allowed for repeated bacterial removal across the three treatments. 
At 70°C and above the ƒ-sand column lost efficiency on each subsequent run with the greatest 
loss occurring at 100°C. The reduction in MO .  seen at the higher temperatures on the sand surface was expected to correlate to a reduction in column efficacy.
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Figure 3. Effect of heat on ƒ-sand column regeneration.

The use of M. oleifera ƒ-sand is an emerging technology for water treatment. It has the scope 
to be used on both large and small scales and in rural and remote communities. The simplicity 
of the system removes the need for experienced operators, making it easier to disseminate into
communities; especially in regions where M. oleifera seeds are already used in water treatment. 
Heating the column to 60°C regenerated the ƒ-sand. This method would also remove non-
inhibited E. coli caught in the column and depending on the length of time, also assist in 
inhibition (WHO 2015).  

A second regeneration method involves washing the ƒ-sand with the non-ionic surfactant 
dodecyl glucoside. The three concentrations of 0.0001 M, 0.001 M, and 0.01 M were compared 
against ƒ-sand  exposed to three runs of the E. coli without the dodecyl glucoside wash and are 
presented in Figure 4. Washing the ƒ-sand with 0.01 M dodecyl glucoside increases the 
bacterial removal on subsequent washes whereas the lower concentrations either maintain 
(0.001 M) or was not effective at regenerating the ƒ-sand (0.0001 M). The increased efficiency 
of the ƒ-sand after exposure to the surfactant and is due to the surfactant removing excess 
biological material which caused a slight increase in E. coli. This increase was enough to 
impact the overall capacity of the ƒ-sand to inhibit bacteria and may be overcome by exposing 
the ƒ-sand to 0.01 M dodecyl glucoside before its initial treatment of the bacteria. 
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Figure 4. Effect of surfactant on ƒ-sand column regeneration.

One of the uses of surfactants is to solubilise the lipid membrane of bacteria via integration of 
the surfactant into the membrane, extraction of the lipids and formation of micelles (le Maire
et al. 2000). For dodecyl glucoside at concentrations of 0.01 M and below this occurs without 
affecting the attachment of the MO . to the sand surface. Unexpectedly, the bacterial reduction 
in the ƒ-sand columns was not standard for the first use and significant variability was 
observed. This presents a problem with the use of the ƒ-sand as a primary treatment as it was 
not standard. One way to overcome this would be to pre-wash with the 0.01 M dodecyl 
glucoside even when subsequent washes would be heat-treated.

CONCLUSIONS
This study demonstrates the capacity of ƒ-sand for E. coli reduction, the behavior of ƒ-sand in 
the presence of heated water, and the use of heated water and dodecyl glucoside to remove the 
E. coli post-inhibition. Further work is required to develop this technology into a water
treatment system which could be used in non-ideal conditions. However, it is a significant step
in the development of an alternative treatment method to combat bacterial contamination of
water. One which promises an effective alternative for water treatment in regions where
accessible, affordable water treatment is required.
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Abstract: Small systems are important suppliers of drinking water in rural areas and 
villages around the world. They are usually comprised of a pumping system and a 
simplified treatment followed by distribution. Small systems frequently have limitations 
with respect to personnel, maintenance and financial sustainability. For these reasons, some 
systems are vulnerable for the provision of safe drinking water. This study evaluated the 
vulnerability of small drinking water systems in a region of Brazil, the southern state of Rio 
Grande do Sul. The state has 6,276 small systems, each serving up to 2,000 inhabitants. 
Sixty systems from this universe were selected for on-site visits and water quality data 
examination from the surveillance database. Data were evaluated with respect to ten 
indicators within the dimensions water resources, institutional, social and economics. A 
vulnerability index was proposed to characterize the small systems as having high, 
intermediate or low vulnerabilities. The conclusion of the study was that 67 percent of the 
small systems in the state of Rio Grande do Sul had high or intermediate vulnerabilities. 
Lack of adequate water treatment was the main reason for the systems to be classified as 
vulnerable, although there were other contributing factors.  

Keywords: community drinking water systems, small drinking water systems, small water 
supply systems, vulnerability index, vulnerability assessment.

INTRODUCTION
Small drinking water systems plays an important role in the provision of drinking water for 
people in villages and rural areas. Small systems usually don´t have the resources and 
infrastructure that are available to systems providing water to larger cities and might be more 
vulnerable to deficiencies that put the safety of drinking water at risk. For instance, in 2015, 
1,838 small communities drinking water systems in Canada were under drinking water 
advisories due to failures in the treatment systems (Lui 2015). The topic is very relevant to 
Brazil, as there are 29 million people that are not supplied by piped drinking water (ABES, 
2016). Also, in rural areas, only 28 per cent of the population are regularly supplied by water 
systems. In accordance with the importance of the subject, the World Health Organization 
published a guidance manual for developing water safety plans for small communities 
drinking water systems (WHO 2012).  

In the State of Rio Grande do Sul (RS), Brazil, there are 6,276 systems, each providing 
drinking water to populations up to 2,000 inhabitants. These systems are usually less 
supervised and controlled by public regulatory agencies and are more prone to present 
problems with respect to water quality. However, no study was yet done to evaluate the extent 
of the problems. This article describes a study that was planned and performed to evaluate the 
vulnerability of the small drinking water systems in RS. For this purpose, 60 systems were 
chosen for on-site inspections. The systems were evaluated according to ten indicators that 
were classified into four dimensions.   



MATERIALS AND METHODS 
Each indicator was graded according to a scale that ranged from zero (more vulnerable) to one 
(less vulnerable). Table 1 presents the four dimensions and the ten indicators that were used to 
assess the small water systems. 

Table 1. Dimensions, vulnerability indicators and definitions 

Dimension Indicator Definition

Water 
resources

Water resources 
availability

Occurrence of events such as droughts and floods that 
affects the continuity of the water supply.

Water source Type of water source used for supply. 

Level of treatment Adequacy of the treatment technology to the source water 
quality.

Drinking water 
quality Water quality characteristics.

Operations & 
maintenance O&M conditions of the water supply system infrastructure.

Water distribution 
network Occurrence of problems in the water distribution network. 

Economic Economic 
sustainability

Economic sustainability for the system O&M and 
investments. 

Social Technical capacity Technical capacity of the system personnel. 

Institutional 

External support Support from health agencies, local government, and/or 
non-governmental organizations.

Surveillance and 
control: water 

quality monitoring

Surveillance and control monitoring of the drinking water 
quality in compliance with health regulations.

The proposed vulnerability index (VI) was the weighted average of the indicators ratings by 
dimension (Equation 1). 

k
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WIVI (1)

Where: Ik is the sum of ratings associated to the vulnerability indicators in the dimension k;
Wk is the weight assigned to the dimension k ( Wk= 1); nk is the number of indicators 
analyzed in the dimension k. The drinking water systems were classified as having low (0.65 
< VI VI VI < 0.40) vulnerabilities.  

The 60 systems selected for on-site inspection were chosen using probabilistic sampling 
design in order to represent the universe of drinking water systems in RS. The details of the 
sampling procedure are described in Debiase & Benetti (2017). The area of RS was divided
into five regions, and each region had at least six small systems selected for on-site visits. 
Figure 1 shows the location of the state of RS with respect to Brazil and South America, as 
well as the municipalities with small systems selected. Besides the visits, the Brazilian 
Drinking Water Quality System database was consulted for water quality information 
(SISAGUA 2015).  

For each region, the mean vulnerability was calculated using Equation 2. It represented the 
weighted average of the individual vulnerability indexes.
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Where: VI is the mean vulnerability index of the surveyed systems; wj is the sample weight 
of unit j; and VIj is the vulnerability index value of the sampled unit j.

Figure 1. Location of the state of RS in Brazil and South America, and the municipalities 
which had small drinking water supply systems selected for on-site visits. 

RESULTS AND DISCUSSION
Figure 2 presents, for each of the ten indicators, the number of systems classified in 
accordance with the rating scale proposed. Water resources availability (WRA) was not a 
problem in 55 of the 60 systems evaluated (values 0.75 and 1.0 in the scale). With respect to 
water source (WS), 24 systems used protected artesian wells (value 1,0) while 10 used 
unprotected surface or phreatic wells (value 0.0). The level of water treatment (LT) was 
considered adequate in 23 of the 60 systems. In only 13 of the 60 systems, the quality of the 
drinking water (DWQ) was classified as good or excellent (values 0.75 and 1.0). Thirteen 
systems had O&M considered sufficient and adequate. Problems in the water distribution 
networks (WDN) were high, as 34 out of the 60 systems were in the lowest scale (0.25 and 
0.0). Only 18 of the 60 systems had economic sustainability (ECO) in a way that would allow 
investments in the systems’ upgrade. With respect to technical capacity (TC), operators in 28 
systems were proficient in operation. Twenty systems had external support (ES) considered to 
be sufficient. Surveillance and control (S&C), which encompasses monitoring, either 
complied with official regulations (values 0.75 and 1.0) or were inexistent (value 0.0). 



Rating Value

Figure 2. Number of observations in the rating scale (0 to 1) for the indicators WRA (water 
resources availability), WS (water source), LT (level of treatment), DWQ (drinking water 
quality), O&M (operations & maintenance), WDN (water distribution network), ECO 
(economic sustainability), TS (technical capacity), ES (external support), S&C (surveillance 
and control: water quality monitoring). 

In Figure 3, it is presented the mean vulnerability index VI for the state of RS (number 0) and 
for each of the five regions into which the state was divided (numbers 1 to 5). The mean 
vulnerability index in the state of Rio Grande do Sul was 0.52 with a confidence interval of 
0.47 and 0.58 for 80% significance. In the five regions, the mean vulnerabilities ranged from 
0.47 to 0.58. The VI indicated an overall vulnerability at intermediate level. The analysis also 
considered when the systems were divided according to the number of population served by 
the water system (number 6 to 8 in Figure 2). There weren´t significant differences in the 
vulnerability indexes for systems serving less than a 100, between 100 and 500 and 500 to 
2,000 people. When vulnerability is associated to the level of treatment, it was observed that 
systems that have an adequate water treatment (number 10) are much less vulnerable that 
systems that don´t provide proper treatment (number 9).  



Figure 3. Water supply systems mean vulnerability index (VI) and confidence intervals for 
the state of Rio Grande do Sul (0), Region (1. Central West, Southeast  and Southwest, 2. 
Northwest, 3. Metropolitan, 4. Center East, 5. Northeast); Population (6. Less than 100, 7.
Between 100 and 500, 8. Between 501 and 2000); Level of Treatment (9. None, 10. Proper 
treatment technology). The number below the lines indicates the sample size in each 
subpopulation. 

Another approach to analyze the data was in terms of the proportion of systems that were 
classified in each of the vulnerability levels, i.e., low, intermediate and high, as shown in
Figure 4. It can be seen that the largest proportion of systems (almost 40 percent) were 
classified as having high vulnerability, while only one-third of the systems had low 
vulnerability. About 67% of the small drinking water systems had either high or intermediate 
vulnerability. 

Results shown in Figures 2 to 4 indicate that a significant number of small community 
drinking water systems in the state of Rio Grande do Sul are at risk of providing water that is 
not safe for drinking. It is estimated that between 3,428 and 4,880 of the of 6,276 systems that 
serve less than 2,000 people have either high or intermediate levels of vulnerability for 80% 
significance. In most of the systems at risk, inadequate water treatment was the main cause of 
vulnerability. In terms of population at risk, it is estimated that between 300 and 470 thousand 
people are having drinking water coming from vulnerable systems.   

CONCLUSIONS
In the study of the small drinking water systems in the state of RS, Brazil, it was shown that 
about 67 percent of the systems had either high or intermediate levels of vulnerability, 
therefore at risk of distributing water that is not safe for drinking. This conclusion is important 
because there are thousands of people that rely on these sources for drinking water. The 
inadequate treatment of the water was the main cause of vulnerability among the systems. On 
the other hand, a proper water treatment, an efficient management, the presence of qualified 
operators, the good maintenance of the physical structure, the charging of a fair fee, and the 
availability of external support were factors that fostered low vulnerability. 

V
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Figure 4. Proportion of systems in the high, intermediate and low vulnerability levels 
according to the Vulnerability Index (VI) values. 

Information provided by this study can be used to plan policies and actions that aim to reduce 
the vulnerability of small drinking water systems and, consequently, the acquisition of 
diseases associated with contaminated water. It would also be valuable for setting priorities. 
For instance, it was observed that the lack of proper water treatment was the main reason for 
vulnerability in systems. 
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Abstract: Hydroxyapatite/ attapulgite composite beads (HAP/ATT) were made through 
mixing hydroxyapatite and attapulgite at certain ratio and spheroidizing. Hydroxyapatite 
was synthetized by wet chemical methods at different calcium phosphorous ratio, and the 
product with the highest defluoridation capacity was selected as material of ball. The 
spheroidization process hasn’t changed the structure and properties of hydroxyapatite 
characterized by FTIR and XRD. The adsorption process of HAP/ATT is influenced by 
adsorption time, temperature and pH value. The adsorption approaches to equilibrium 
within 80mins. High temperature is conducive to the adsorption process. The pH value 
does not effect the defluoridation process of drinking water system when the pH value is 
between 5 and 9. The defluoridation mechanism was researched by adsorption 
thermodynamics and characterization analysis of zeta potential changes, FTIR and XPS. 
The adsorption process is close to the monolayer adsorption. HAP undertake the main 
defluoridation role in HAP/ATT composite beads. The defluoridation mechanism 
includes physical adsorption and ion exchange reaction in normal water of pH=6-8. The 
defluoridation process <0).

Keywords: hydroxyapatite/ attapulgite composite beads; defluoridation mechanism;
hydroxyapatite; adsorption performance 

INTRODUCTION
Drinking water is the major contributor of fluoride in the human body, accounting for 75–
90% of daily intake. (Feng L et al., 2012). In general, a small amount of fluoride in drinking 
water is conducive to the teeth and bone development. Excess fluorine content in water can 
damage tooth enamel, affect the growth of bone. High fluoride in drinking water can cause 
dental fluorosis, skeletal deformation, even skeletal fluorosis (Fan X et al., 2003; Sairam S C 
et al., 2009). According to the standard made by the World Health Organization, the fluorine 
content in drinking water can not exceed 1.5mg/L. 

At present, fluoride removal methods include physical adsorption, coagulation sedimentation 
method, electrodialysis, reverse osmosis (Jadhav S. V. et al., 2015; Singh J. et al., 2016; 
Bhatnagar A., et al., 2011; Mohapatra M. et al., 2009). Wherein the coagulation sedimentation 
method is relatively simple, but the process will bring other ions and make the water taste 
bad. The electrodialysis method consumes a lot of power and removal of some beneficial 
mineral ions. The reverse osmosis is a kind of advanced membrane separation technology, 
which is a physical process, but the membrane is too expensive to use widely, and the large 
wastewater produced is also a big problem. 

The absorption method is the most commonly used method for fluoride removal from 
drinking water compared with other methods. It is easy to operate, more convenient and 
practical, but the defluoridation capacity is low. The general adsorbents include activated 
carbon activated alumina (Yin Guoxun, 2007; Qiu van Loosdrecht M C M., 2002; Zhang 



Yan, 2005), bone charcoal (King, 2008; Wang Yong, 2003), hydroxyapatite (Ying Bo, 2001; 
Wang Ping, 2009; Liu Haibo et al., 2001) or other low cost materials.  
Hydroxyapatite (HAP; Ca10(PO4)6(OH)2) has been found to be a better sorbent because of its 
low cost, ready availability and higher defluoridation capacity. In order to further improve the 
defluoridation capacity of HAP, the research of nano-HAP (Prabhu S. M. et al., 2016; Gao S. 
et al., 2009; Poinern G. E. J. et al., 2011; He J. Y. et al., 2016) and doping modification (He J., 
et al., 2016; Chen L. et al., 2016; Gong L. Y. et al., 2015) are also a trend that draws the 
academic attention. The large surface area of nano-material makes it possible to improve its 
defluoridation capacity, but since the nano-particles are too small to be intercepted easily, 
potential threats exist for real that these nano-particles would enter human bodies via drinking 
water. Doping modified filter materials are also mostly used in powder form. Filter materials
in powder form cannot be used either in fixed bed columns or in any other flow-through 
system because it would cause excessive pressure drop during filtration Liu H B et al., 2007.

.

To overcome this limitation, we studied the preparation, structure and adsorption properties of 
hydroxyapatite/attapulgite (HAP/ATT) composite beads as a possible alternative method so as 
to use fully their hardness, high defluoridation capacity and regeneration performance, and 
improve the practical application.
ATT is a fiber-like hydrated magnesium aluminum silicate clay mineral, which has good 
plasticity and strong bonding ability. In composite beads, ATT acts mainly as a bonding agent 
for granulation of ceramic powdered HAP. HAP cannot be formed into beads itself without 
ATT. Of course, the defluoridation capacity of the composite beads decreases with increasing 
amounts of added ATT. Interestingly, the exhausted composite beads can be regenerated 
many times through heating. The total defluoridation capacity and effective utilization 
efficiency of these composite beads are both greatly improved after regeneration.  

HAP/ATT composite beads have been used in many water treatment plants and have 
successful application effects. For example, the fluorine content in drinking water decreased 
from 11 mg/L to 0.2-0.5 mg/L treated by three-stage series system of HAP/ATT composite 
beads in Muke spring water treatment plant in Xiuyan county, Anshan city, Lianning 
Province, China. But the defluoridation mechanism of HAP/ATT composite beads is not 
clear.
A novel filter material, hydroxyapatite/attapulgite (HAP/ATT) composite beads is reported 
here. The preparation, structure and adsorption properties are discussed. A possible 
mechanism is also investigated by zeta potential changes, FTIR, X-ray photoelectron 
spectroscopy (XPS). 

MATERIALS AND METHODS 

1. Preparation of HAP/ATT Composite Beads

HAP was synthetized by wet chemical methods at different calcium phosphorous ratio. The 
ratio of Ca/ P ratio were 2.3, 2.04, 1.92, 1.84, 1.67, 1.6, 1.55, and 1.5 respectively. The 
product with high properties chose by structure and defluoridation capacity was mixed with
attapulgite at a certain proportion and sintered under 350oC.
2. Structural Characterization
The surface functional groups of HAP/ATT composite beads were characterized by FTIR
(Nicolet-380, Scientific Instruments department) and XRD (D/Max-3B, Japan Science Co.
(Rigaku)). The bonding way of fluoride ions with hydroxyl apatite particles was studied by
means of XPS (ESCALab250, Thermo Scientific Corporation).



3. Adsorption Experiment
The fluoride concentration in stock standard solution prepared was 100mg/l. The stock
standard solution was diluted to 5mg/L when doing the adsorption experiment. The HAP/ATT
composite beads (particle size: 0.5 to 1mm) of 0.1g was immersed into 150mL fluoride
solution for a different time at certain conditions in a thermostat shaker, then the fluoride
concentration in the solution is tested by ion chromatography. The effect of solution pH value
(2.0-11.0) on defluoridation capacity was studied by adjusting solution pH value using 1 M
HCl or 1M NaOH. The effect of temperature was studied from 15oC to 75oC, the interval is
10oC. Adsorption isotherms, adsorption thermodynamics and adsorption kinetics were
obtained by batch experiments. Defluoridation capacity (DC (mg/g)) was calculated using the
following relationship:

V×oC CDC
m

(1)

Where C0 is the initial concentration of fluoride ions (mg/L); C is the residual concentration 
of fluoride ions after adsorption (mg/L); V is the volume of the solution (L); m is the quality 
of beads (g).

RESULTS AND DISCUSSION

1. Preparation of HAP/ATT Composite Beads

Fig.1 shows the defluoridation capacity of the products which were synthesized under 
different Ca/P molar ratio. The result shows that the defluoridation capacity decreases with 
the declining of the Ca/P molar ratio and to the lowest when the Ca/P molar ratio is 1.84, then 
increases gradually. When the Ca/P molar ratio is from 1.50 to 1.55, the defluoridation
capacity varies from 4.64mg/g.to 4.6mg/g, the change is not obvious. So the Ca/P molar ratio
of 1.5 is an optimizing value chose in the actual manufacture. Then the HAP powder was 
mixed with attapulgite at certain ratio in a balling machine. Finally, the particles obtained 
were sintered under 350oC. 
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Fig. 1 Influence of different Ca/P molar ratio on DC

2. Characterization of HAP and HAP/ATT Composite Beads



Fig.2 shows nearly the same HAP characteristic FTIR peaks, i.e., O-H stretching vibration at
near 3566 cm-1 and a strong band of PO4

3- group peaks at near 1040 cm-1, 602 cm-1 and 567 
cm-1. It indicates that the preparation process of HAP/ATT composite beads is only a physical
mixture and hasn’t affected the structure of HAP.
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Fig.2a FTIR spectra of HAP powder        Fig.2b FTIR spectra of HAP/ATT composite beads

XRD patterns of HAP powder and HAP/ATT composite beads are shown in Fig.3. As shown 
in Fig.3a, the peaks at 2 =26o, 32o, 33o, 40o are correspond to the characteristic diffraction 
peaks of HAP, so the main component of the product is HAP (Sairam S C et al., 2008). Fig.3b 
shows that the main components of HAP/ATT composite beads are HAP and attapulgite. It 
indicates that the structure of HAP has not changed during the preparation process of 
HAP/ATT composite beads. 
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Fig.3a XRD pattern of HAP powder        Fig.3b XRD pattern of HAP/ATT composite beads 

3. Effect Factors of the Adsorption Process

Fig.4 shows that defluoridation capacity increased gradually along with the time increase
when the adsorption time is less than 80 min. The adsorption process takes about 90min to 
reach the equilibration, which indicates that the adsorption process is relatively slow. This is 
because the particle’s surface area decreases compared with HAP powder, so the contact time 
between fluorine ion and particles decreases and the adsorption time becomes longer. 
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Fig.5 shows the effect of pH value on defluoridation process. The defluoridation capacity 
decreases gradually along with the rise of pH value. The defluoridation capacity reaches a 
maximum when the pH value is 3. Under acidic condition, HAP/ATT surface with positive 
charge is conducive to the adsorption of F-. The defluoridation capacity changes a little and 
when the pH value between 5 and 9. Fig.6 also shows that the pH value changes little before 
and after adsorption between pH 5 and pH 9. This is very important because the pH value of 
almost all drinking water system is between 5 and 9. That is mean the effect of the pH value is 
none on the defluoridation process of drinking water system. When the pH value rises to 11, 
the defluoridation capacity is only 0.055mg/g. HAP/ATT surface with negative charge is not 
conducive to the adsorption of F- . The competitive adsorption between OH- and F- will 
happen. 
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Fig.6 The change of pH value before and after adsorption   Fig.7 Effect of temperature on DC

Fig.7 shows the effect of temperature on defluoridation capacity. The defluoridation capacity 
increases with the increase of temperature, it indicates that the adsorption process is 
endothermic and high temperature is beneficial to adsorption process.

4. Regeneration of HAP/ATT Composite Beads

HAP/ATT composite beads easily realized regeneration using boiling water. The 
defluoridation capacity after regenerated 10 times is listed in table 1. Though the exhausted 
beads were regenerated 10 times, the value of every DC varied around 0.300mg/g, which 
indicated that the exhausted beads have been recovered with the same adsorption properties as 
the new beads, and the surface of beads has the same amount of active sites for adsorbing 



fluoride after a sufficiently long period of time for regeneration and adsorption 3.270mg/g of 
the total DC approaches the DC of HAP powder (3.46mg/g). 
Table 1. Results of heat regeneration using boiling water 

Regeneration 

times

0 1 2 3 4 5 6 7 8 9 10 total

DC (mg/g) 0.284 0.293 0.293 0.247 0.300 0.354 0.281 0.310 0.310 0.320 0.271 3.263 

4 Adsorption Isotherm 

Adsorption isotherms describe the adsorption equilibrium of a material at a surface boundary 
at constant temperature. Langmuir adsorption isotherm and Freundlich isotherm (Yue 
Wenwen, 2006; Zhang Xiaoxuan, 2007) were applied to test the fitness of experimental data. 

Linear formula of Langmuir adsorption is represented as:

0 0

1e e

e

C C
q q q b

(2)

Where qe is the equilibrium adsorption value of the sorbent (mg/g), Ce is the equilibrium 
fluorine concentration (mg/L), q0 is the maximum adsorption capacity of the adsorbent (mg/g), 
b is adsorption constant. 

Linear formula of Freundlich adsorption isotherm is as follows: 

1log log loge e Fq C k
n

(3)

Where qe is the equilibrium adsorption value of the sorbent (mg/g); Ce is the equilibrium 
fluorine concentration (mg/L); kF, 1/n are constants. 

Table 2. Adsorption isotherm parameters 

isotherm parameter 283K 293K 303K

Langmuir

b 0.327 0.186 0.260

q0 0.372 0.644 0.791

R2 0.978 0.987 0.990

Freundlich

kF 0.006 0.005 0.020

n 2.308 1.487 1.878

R2 0.893 0.973 0.977

The values of adsorption isotherm parameters results are listed in Table 2.The adsorption 
behavior of fluorine fits the Langmiur isotherm and Freundlich isotherm well. There is not 
only monolayer adsorption process but also chemical adsorption process existing in
adsorption process. 



5 Adsorption Thermodynamics

Thermodynamic parameters associated with the adsorption, namely standard free energy 
change ( G0/ kJ.mol-1), standard enthalpy change ( H0/ kJ.mol-1) and standard entropy 
change ( S0 /J.mol-1. K-1), were calculated from the variation of thermodynamic distribution 
coefficient K with changes of temperature(Eq. (4),(5)). The values of K can be calculated by 
plotting Ce vs. ln qe/Ce and extrapolating Ce to zero (Khan A et al., 1987). 

lnG RT K                                (4)

ln H SK
RT R

(5)

Where T is the Kelvin temperature (K)
is thermodynamic equilibrium constant (L/g). 

Table 3. Thermodynamic parameters of adsorption

T K KJ/mol KJ/ mol.K KJ/mol

299 -3.90

0.0292 4.77308 -4.28

318 -4.55

As the table 3 shown, the value of G of HAP/ATT composite beads in adsorption process is 
less than zero, so the adsorption process is spontaneous. The value of S  is more than zero, it 
shows the increasing randomness at the solid/liquid interface during sorption of fluoride. It 
also indicates that the adsorption sites of fluorine ions are randomly distributed throughout the 

 shows that the 
adsorption process is endothermic process.

6 Defluoridation Mechanism

Fig.8 shows Zeta potential changes of the surface of HAP/ATT composite beads at different 
pH value. The surface of HAP/ATT composite beads charges positive charge when the pH 
value is lower than 5, which is conducive to the electrostatic adsorption of F-. The surface 
charges negative charge when the pH value is larger than 5, which is not conducive to the 
electrostatic adsorption of F-. The pH zero point charge is 5.

Fig. 8 Zeta potential changes at different pH        Fig. 9 FTIR spectrum before and after defluoridation 



Fig.9 shows FTIR spectrum of HAP/ATT composite beads before and after defluoridation. O-
H stretching vibration at near 3566 cm-1 and a strong band of PO4

3- group peaks at near 1040 
cm-1, 602 cm-1 and 567 cm-1 have not changed obviously, but the vibration peak of O-H…F at
876cm-1 appears after filter material adsorbing F-1.
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Fig. 10 XPS spectra of the HAP/ATT powder after defluorination 

Fig.10 illustrates the XPS spectra of the HAP/ATT powder after defluorination. The binding 
energy of F1s is about 685 eV which represented the presence of F- (M-F, namely chemical 
bond combination). This confirmed that the defluoridation process of HAP/ATT composite 
beads is a chemical process, not only a simple physisorption process. 

In conclusion, HAP undertake the main defluoridation role in HAP/ATT composite beads. 
The mechanism includes physical adsorption and ion exchange reaction in normal water of 
pH=6-8.  
Physical adsorption 10 4 6 2 10 4 6 2 nCa (PO ) (OH) nF Ca (PO ) (OH) F

Ion exchange reaction 10 4 6 2 10 4 6Ca (PO ) (OH)  F Ca (PO ) FOH  OH

10 4 6 2 10 4 6 2Ca (PO ) (OH)  2F Ca (PO ) F 2OH

CONCLUSIONS

(1) In the HAP synthesis process, the optimized Ca/P molar ratio is range from 1.5 to 1.6, and
the defluoridation capacity of HAP is highest.

(2) In adsorption process, adsorption time, temperature and pH value are main effect factors
for the defluoridation capacity of HAP/ATT composite beads. The adsorption approaches to
equilibrium within 80mins, defluoridation capacity increases with the increase of temperature
and the pH value does not effect the defluoridation process of drinking water system when the
pH value is between 5 and 9.

(3) The adsorption behavior of fluorine fits the Langmiur isotherm and Freundlich isotherm
well. The adsorption process is a monolayer adsorption reaction. HAP undertake the main
defluoridation role in HAP/ATT composite beads. The mechanism includes physical
adsorption and ion exchange reaction in normal water of pH=6-8.

(4) The adsorption process of HAP/ATT composite beads is endothermic and spontaneous.
The value of H is 4.77KJ/mol; The value of S is 
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Abstract  
 
Application of solar energy for thermal disinfection of onsite wastewater treatment was developed in this study.  

This experimental study was conducted with a pilot-scale of septic tank equipped with a solar water heating device 

( called solar septic tank)  for the treatment black water, located at a housing community, Samutprakarn province, 

central Thailand.  The aim of this research was to investigate performance of the solar septic tank by emphasizing 

on quantity of energy supply and pathogen inactivation efficiency. During the 270 days of operation, the pilot-scale 

solar septic tank could perform successfully as liquid pasteurization and requiring the solar energy of about 6 

kW/day. 

 
Keywords: Septic tank performance, Solar energy heating system, Black water, Pathogen inactivation 

 
Introduction 
Currently about 2.5 billion people still lack access to improved sanitation and more than 1 

million people may have died prematurely per year from improper sanitation. Due to high 

investment cost and requirement of skilled operation, the conventional sanitation technology 

is unsuitable for addressing these environmental and health issues. Thammarat et al. 2014 

found that effluent from most on-site sanitation system contained higher concentrations of 

pathogens and organic matter than the acceptable guidelines. To improve performance of the 

on-site sanitation systems, an innovative and practical technique using solar energy in the 

septic tank is considered an effective sanitation technology for pathogens inactivation. 

Nowadays, application of solar energy for thermal disinfection of onsite wastewater treatment 

has been developed for wastewater disinfection due to its economical benefits and suitable 

operation and maintenance of facilities. Operating a septic tank at temperatures higher than 

ambient condition resulted in better pathogen die-off (Thammarat et al, 2013). The aim of this 

research was to investigate performance of a conventional septic tank equipped with a solar 
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water heating device called solar septic tank by emphasising on quantity of energy supply and 

pathogen inactivation efficiency.  

 

Material and Methods 

A pilot-scale solar septic tank testing, installed at a housing community, in Samutprakarn 

province, central Thailand, consisted of 2 main component i) a 1000 L-conventional septic 

tank and ii) 6 m2-solar water heating device. The field testing of the solar septic tank was 

conducted for 8 months during March - October 2015.   A hot water storage tank, made of 

stainless steel insulated with polyurethane, had a working capacity of 100 L. Temperatures 

inside the solar septic tank were maintained above 40-50 oC by circulating the hot water 

generated from the solar water heating device through a heat transfer equipment (copper coil 

at the rate of 5 L/min (Figure 1).  To evaluate the technical feasibility of heating the septic 

tank content, on-line temperature sensors were installed in 3 main positions: (1) the hot water 

generating from the solar water heating device, (2) inside the solar septic tank and (3) ambient 

condition. 

 

 

 

Figure 1 Modified conventional septic tank with solar heated water 
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 Flow rate and hydraulic retention time of the solar septic tank were about 100-300 L/d and 3-

10 days. The influent and effluent samples of the solar septic tank were collected for analysis 

of total coliforms and E.coli concentrations according to APHA, AWWA and WEF (2005). 

Quantity of solar energy or heat supplied to the solar septic tank was calculated from the 

specific heat and change in temperature data, shown in equation (1) 

Q = mc∆t      (1) 

where, Q = quantity of solar energy (kJ), m = mass of a substance (kg), c = specific heat 

coefficient (4.187 kJ/kg∙ Co) and ∆T = change in temperature (oC) 

 

Results and Discussion 

 

During the operation period, the average ambient temperature and solar radiation were about 

32 oC and 200 J/m2.min, respectively. The temperature range in the solar septic tank equipped 

with the solar water heating device was about 40-45 oC, while the hot water temperatures were 

27-65 oC (Figure 2). It is technically possible to raise the solar septic tank temperature to 60 
oC or more by adjusting the heated water circulation rate or adding more solar collectors and 

better insulation system of the solar septic tank. 

 

Figure 2. Temperature sensors 
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Figure 3 shows a relationship between solar energy input and loss (calculated from equation 

1) and temperature inside the solar septic tank. With the solar energy input of about 6kW/day, 

the temperature inside the solar septic tank were found to be higher than the ambient 

temperature. With respect to a daily temperature profile, Figure 4 shows the net energy supply 

(input minus loss) to the solar septic tank to vary from -1 to 2 kw, but the temperatures of the 

solar septic tank were found to be above 40 oC. The data shown in Figures 3 and 4 suggest the 

technical feasibility of using solar energy to raise temperatures inside the septic tank. 

 
Figure 3 Temperature and quantity of energy 

 

Figure 4 Daily temperature and energy profile 
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The inactivation efficiencies of total coliforms and E.coli in the solar septic tank were be about 

2-5 log reduction (Figure 5). The effluent concentrations of E coli, the pathogen indicator, 

were less than 103 no/100 mL, suitable for re-use and discharge to the environment (PCD, 

2014).  However, during the raining period (June to August), solar energy alone could not 

increase the temperature above 40 ºC, hence, low inactivation efficiencies were observed. 

Therefore, additional heating source should be provided to the solar septic tank during the 

raining period to maintain the temperatures above 40 oC. 

  

(a) 

 
(b) 

Figure 5 Pathogen inactivation in Modified conventional septic tank with solar heated water: 

(a) Total coliforms and (b) E. Coli 

Figure 6 shows a relationship between log reduction of total coliforms and E.coli and the 

energy input from the solar collector. It is clearly seen that increasing solar energy from 4.5 to 

8 kW/day resulted in increased log reduction of total coliforms and E.coli. These results 

indicated more than 3 log reduction of pathogens could be achieved, when the solar collector 

produced more than 6 kW/d of energy input. 
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Figure 6 Energy and pathogen inactivation 

 

Conclusions 

The findings of this study suggested the technical feasibility of applying the solar water 

heating device to inactivate pathogens of in the septic tanks without other supplementary 

sources of energy. With the solar energy input of about 8 kW/day, temperature inside the solar 

septic tank were maintained above 40 oC. The average log reduction of total coliforms and 

E.coli during the operation period of 280 days were about 2 and 4 log reductions, with less 

than 1000 no./100 mL suitable for safe discharge to the environment. 
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Abstract: Offensive smells from pit latrines is one of the factors that discourage their 
usage as well as adoption. Butyric acid is one of the chemical compounds that significantly 
contribute to these noxious smells. In this study, butyric acid degrading bacteria strain 
designated as B5a was isolated from pit latrine faecal sludge. In accordance with the 16S 
rRNA sequence analysis the strain was identified as Achromobacter xylosoxidans. The 
strain has the capability to grow without complete inhibition up to 12000 mgL-1 of butyric 
acid. Further experiments showed that the cell growth was optimal at pH 7. The isolation of 
the strain from indigenous pit latrine faecal sludge shows that there is significant potential 
for application of microbes to reduce or eliminate offensive smells from the pit latrines. 

Keywords: Achromabacter  xylosoxidans, biodegradation, butyric acid,  odour, pit latrine 

1. INTRODUCTION

Pit latrines are still dominant basic minimum acceptable forms of sanitation in low income 
communities of developing countries, particularly in the rural areas and unplanned areas of 
the developing cities (Jenkins et al., 2015; Thye et al., 2011). There is a growing concern, 
however, that offensive smells-malodours released from the pit latrines, which elicit 
disgusting or repulsive response, are one of the factors that thwart adults and children to use 
latrines and encourage to opting for open defecation. Besides, some people have a miasmic 
view that associates malodorous emissions with conditions of 'unhealthy’ air that causes 
diseases (Drangert, 2004; Jorgensen, 2013) and noxious smell from the latrines has always 
been proxy for their filthiness (Irish et al., 2013). This offers an important but often 
overlooked major impediment, dissuading people from adoption and usage of the pit latrines 
hence affecting successful effective sanitation promotion (Rheinländer et al., 2013).

Recent studies performed by Chappuis et al. (2014) and Chappuis et al. (2016) have revealed 
that butyric acid (C4H8O2) is one of the key chemical components that has considerable 
contribution to pit latrine noxious odours and is usually found in high concentrations.  Butyric 
acid ,a 4-carbon volatile organic compound (VOC),  is an intermediate product  generated in 
the anaerobic bioconversion of complex organic matter  to methane(CH4) and carbon dioxide 
(CO2) (Lin et al., 1998).  Butyric acid exhibits a distinctive sour, sweaty smell (Otten et al. 
2004). 

In an attempt to eliminate or reduce these offensive smells several techniques such as addition 
of carboneous or absorbent materials (Moe and Rheingans, 2006; Canady, 2011), use of 
ventilation systems (Mara, 1984), use of water seal (Tilley et al., 2008) and urine separation
(Münch and Dahm, 2009) are currently available. These techniques continue to occupy their 
niche, but social, economic, environmental and technological shortfalls remain. In recent 
times, biological methods, which deal with treatment of a wide range of chemical compounds, 
converting, for instance, volatile organic compounds (VOCs) to biomass and carbon dioxide, 
have been gaining wide popularity. This is because they are inexpensive, versatile and 
environmentally sound compared to conventional chemical and physical treatment techniques. 



Thus, the present work reports on the isolation of a bacterial strain that that the ability to 
utilise high concentrations of butyric acid in the batch system and to determine the effects of
initial concentration and pH on bacterial utilisation of this compound.  The study goal is to 
elucidate a potential application for biodegradation of butyric acid in pit latrine faecal sludge.

2. MATERIALS AND METHODS

2.1 Chemicals
All chemicals used in this study were of analytical grade. Butyric acid (  99%) was purchased 
from Sigma Aldrich Inc., St Louis, MO, USA. Sodium hydroxide was purchased from Merck 
Chemical (Pty) Ltd, Gauteng, South Africa. Distilled water was prepared by Water Still 
system (Daihan Labtec. Co. Ltd, Kyonggi-Do, Korea.

2.2 Source, collection and storage of samples
Faecal sludge samples used in this study were collected from pit latrines in a semi-rural 
mining area of Kendal in Mpumalanga Province in South Africa (26o5’24’’S 28o 58’17”E).  
The samples were obtained from top 0 to 0.1 m depth using prestilised auger-like equipment.
All non faecal- waste (such as diapers, stones, clothes, metals, plastic bags etc.) were 
removed.  The samples were then poured into a sterile zip-lock polythene bag, which was
later put in a presterilised 5L container at 4 oC. The samples were immediately transported to
the laboratory and preserved at 4 oC prior to use.

2.3 Preparation of faecal sludge samples for enrichment
Faecal sludge sample (100g) was put in a pre-sterilised 2L Schott bottle and 1L of sterile
distilled water was added. The mixture was shaken at 150 rpm for 1 h at 37oC in a shaking 
incubator (Labcom, South Africa). The mixture was filtered through sterilised cotton wool to
remove solid materials. The supernatant was preserved at 4 oC. 

2.4 Growth media
Bacteria was grown in different media such nutrient broth, nutrient agar and mineral salt 
medium (MSM) dependent upon the purpose as in Section 2.5. 

2.5 Preparation of MSM, nutrient Agar, nutrient broth and glassware 
MSM had the following components in 1 L of distilled water: 10mM NH4Cl; 30mM 
Na2HPO4; 20mM KH2PO4; 0.8mM Na2SO4; 0.2mM MgSO4 and 1 mL of trace element 
solution. The trace element solution contained the following components: 2;

4 2 2 2 2;
3BO3 2 2 in 1L of deionised water (Roslev 

et al., 1998).  The media was then autoclaved at 121oC at 2 atm for 15min  in order to render 
the medium free from all forms of life and was then cooled down to room temperature. This 
was amended with butyric acid with pH adjusted to 7.0. prior to inoculating with faecal 
culture.
Nutrient agar was prepared by dissolving 31 g in 1 L of distilled water.  The pH of the 
medium was adjusted to 7.0 and autoclaved at temperature of 121oC and pressure of 
115kg/cm2 for 15 min. It was then cooled down to a temperature of 40-50oC prior to 
dispensing in pre-sterilised petri dishes for colony development. The prepared nutrient agar 
could be kept in the refrigerator for a maximum of two weeks for use.
Nutrient broth was prepared by dissolving 16 g in 1 L of distilled water. The pH of the 
medium was adjusted to 7 and autoclaved at temperature of 121oC and pressure of 115kg/cm2

for 15 min. It was then allowed to cool down to room temperature prior to use. 



All the glassware were thoroughly cleaned with soap and rinsed with distilled water followed 
by acetone. The glassware was covered with aluminum foil before sterilising them in the 
autoclave at temperature of 121oC and pressure of 115kg/cm2 for 15 min. 

2.6 Enrichment and isolation of butyric acid degrading bacterial isolates 
Bacterial strains were isolated by enrichment culture.  1 mL of supernatant obtained as 
described above was aseptically inoculated into each sterile 250mL Erlenmeyer volumetric 
flask with 100mL of the MSM amended with 1000mgL-1 of butyric acid. The MSM was
adjusted to pH 7.0. The flasks were cotton plugged and incubated at 30oC for 24-48 hours 
under shaking at 150 rpm in the shaking incubator in the dark. From then on, a series of four 
consecutive enrichments in the fresh medium were carried out under the same condition as 
above to enrich a butyric acid-degrading microbial consortium. Then a series of dilution of the 
enriched inoculums from the flask were conducted. Ten 10 ml sterile test tubes were obtained 
and labelled test tube 1 through 10 and then 4.5 ml of MSM was added to each test tube and 
then 0.5 ml of the inoculums with bacterial suspension into test tube 1. At each step the 
solution was thoroughly mixed using the vortex before proceeding to the next step. This 
continued in this fashion until the original bacterial suspension was serially diluted into test 
tube 10. Then 0.1mL of serially diluted bacterial suspension from the 7th to the 10th test tube 
was spread on nutrient agar plates to obtain single colonies after the sterile nutrient agar plates 
were incubated at 30oC for 24-48 hours in the dark.

2.7 Purification of bacterial culture
Single and phenotypically different colony loopfuls from each nutrient agar plates as 
described above was streaked onto other fresh sterile nutrient agar plates to check for purity. 
Dependent upon the exhibited colours and morphologies that were identified from the cultures 
or after obtaining individual pure colonies, these were individually streaked onto the fresh 
nutrient agar plates. This was followed by incubation at 30oC for 24-48 hours. The process 
was done successively for at least three times in order to realise near pure culture of each 
identified colony.  All the pure isolates were aseptically cultivated in nutrients broth at 30 oC
for 24 hours. The bacterial cells were harvested at the speed of 6000 rpm at 4oC for 10 min. 
using Sorvall Lynx 600 centrifuge (ThermoFisher Scientific, Osterode am Harz, German).
The cells were preserved in 2 mL of MSM with 30% glycerol at -80oC until use.

2.8 Characterisation of bacterial isolates 
A 16 Svedburg unit ribosomal Ribo-Nucleic Acid (16S rRNA) genotype fingerprinting was
applied to acquire DNA sequences of pure bacteria isolates. Genomic DNA extraction was 
done on the distinct recognizable colonies according to the protocol defined in the Wizard 
Genomic DNA Purification Kit from Promega Cooperation, Madison, USA. A 16S rRNA 
gene was amplified by reverse transcriptase-polymerase chain reaction (RT-PCR) using 
primers pA and pH1. PCR fragments were then cloned into pGEM-T-easy. Partially 
sequenced amplified 16 rDNA fragment was compared with other gene sequences in Gen 
Bank using a basic BLAST of the National Center for Biotechnology Information (NCBI) 
gene library. This was aligned with gene sequence of the isolates.

2.9 Bacterial cell growth studies

Prior to inoculation of the cultures in the flask for bacterial cell growth studies the culture was 
acclimatised by cultivating the cultures at 30 oC  in 150 ml MSM amended with 500mgL-1 of 
butyric acid in 250 ml Erlenmeyer flasks in an aseptic condition. Sub-culturing of the cells 
was done by transferring the cells at exponential phase to fresh MSM amended with 500mgl-1
butyric acid. This was to ensure the glycerol used for the preservation of the pure culture was 
completely eliminated prior to cell growth studies. Eventually the cells were harvested.  Cell 
suspension for the experiments was prepared by dissolving 100mg of the harvested cells in 



10mL of sterile MSM to ensure that the flasks are inoculated with well homogenised cell 
suspensions. In each of 250 ml Erlenmeyer flasks containing 150 ml sterile MSM 100μL of 
the aliquot was transferred aseptically. The flasks were plugged with sterile cotton wool and 
incubated in the dark at 30 °C at agitation rate of 150 rpm till the cell growth reached the 
death phase. 

2.10 Analytical method 
Evaluation of cell growth was spectrophotometrically conducted at single wavelength =
600nm using a UV Lightwave II spectrophotometer (Labotec, South Africa). The cuvette of 
10 cm path length was used to carry the cell suspension in the sample chamber of the 
spectrophotometer. The measurements were blanked to zero using sterile MSM as a reference.  
All the tests were conducted in triplicates.

3. RESULTS AND DISCUSSION

3.1 Isolation and screening of the butyric acid-degrading strain 
A total of nine bacterial strains were isolated from the pit latrine faecal sludge samples by the 
method mentioned in Section 2.6. The butyric acid degradation activity was not confirmed by 
the measurement of butyric acid degradation. However, the cell growth kinetic studies were 
done in which butyric acid was utilised as the the sole source of carbon and energy. All 
isolates were established to possess the ability to utilise the odorous compound (butyric acid)
as their source of carbon and energy.  Among all the isolates tested, the isolate designated as 
B5a, exhibited the ability to utilise butyric acid even at very high concentrations. This 
characteristic prompted the researchers to subject it for further investigation.

3.2 Identification on the basis of phylogenetic analyses 
The 16S rRNA gene sequences of strain B5a were obtained, submitted and compared with 
other genes in GenBank using a basic BLAST of the National Center for Biotechnology 
Information (NCBI) (http://www.ncbi.nlm.nih.gov). The phylogenetic tree generated based 
on 16S rRNA gene sequences of the isolate B5a revealed that the bacterium has the highest
sequence  homology (93%) clearly marched with Achromobacter xylosoxidans LMG1863 
(Gen- Bank Accession No.: FM999735) as shown in Fig. 1. Henceforth, on the basis of this 
method the bacterial strain was identified as Achromobacter xylosoxidans. 



Figure 1: Phylogenetic tree based on 16S rRNA gene sequences showing genetic relationship 
of strain B5a with taxonomically related strains. GeneBank access number of each isolate is 
given in parentheses.

2.3 Effects of initial substrate concentration
In order to examine the probable inhibitory effect of butyric acid on cell growth, A.
xylosoxidans B5a was cultivated in MSM amended with butyric acid .The initial 
concentrations evaluated were between 1000mgL-1 and 13,000 mgL-1  (1000, 5000, 9000, 
12000 and 13000 )at pH 7.0 and 30 oC. 

Figure 2: Effect of initial substrate concentration on bacterial growth of strain B5a.



The results of the effect of the initial concentration are presented in Figure 2. The 
measurement of optical density was done till the death phase is reached. Results of these 
studies show that the higher is the concentration of butyric acid, the longer time it takes to 
reach the maximum optical density. At initial concentrations of 1000mgL-1, 5000mgL-1,
9000mgL-1 and 12000mgL-1 the maximum optical density was reached at the end of 42, 68 
and 136 hours respectively. This indicates that any increase in concentrations result in 
increased inhibition of the cell growth of A. xylosoxidans B5a. This could be because the 
strain needed some time to get acclimatised to the environment to produce required degrading 
enzymes. The cell growth could be observed up to the concentration of 12000mgL-1. Past this 
concentration the cell growth was absolutely inhibited which might be an indication of 
toxicity. Fan et al.(2012)  found that the growth of Bacillus cereus CB4 was positively related 
to degradation of glyphosate as its sole source of carbon, energy and nitrogen. In this study, it 
was also observed that the pH of the medium at the conclusion of the incubation period was
higher than the initial pH. The measured final pH was positively related to the initial substrate 
concentration. Thus, the higher the concentration the higher was the observed final pH.  This 
phenomenon could be due to the intermediates product which might be basic in nature hence 
increasing the pH of the medium.

Figure 3: Effect of initial pH on bacterial growth of strain B5a. 

3.4 Effects of initial pH
The MSM solution amended with 1000mgL-1 were inoculated with 0.1mL of cell suspension 
and cultivated in the shaking incubator at 30 oC and agitation rate of 150 rpm. The initial pH 
was adjusted to 6.0, 7.0, 8.0, 9.0 and 10.0.  
As indicated in Fig.3 bacterial cell growth increased with the increase in pH and reached the 
maximum at pH7 and thereafter the bacterial cell growth drastically decreased with increase 
in pH. This implies that the bacterial strain has its growth optimum between pH 6 and pH 8.
Hence, the bacterial strain B5a can be classified as neutrophile, thus, the butyric-degrading 
enzymes have their optimum enzymatic activity in neutral environments. This consequentially 
suggests that when the pH of feacal sludge or wastewater becomes too basic or acidic the
bacterial strain B5a growth and metabolic processes would be hindered. Similar to our 



observation, Zhang et al. (2007) reported that A.  xylosoxidans strain B-16 could degrade 
bisphenol A within the pH range of 5 and 9. The maximum bisphenol A degradation and cell 
growth was realised at pH 7.

4. CONCLUSIONS

Bacterial strain utilising butyric acid even at concentration as high as 12000mgL-1 was 
isolated from pit latrine faecal sludge. The bacterium has been identified as Achromobacter 
xylosoxidans B5a based on 16S rRNA sequence analysis. To the best of our knowledge, this is
the first report about A. xylosoxidans isolated with the ability to utilise up to 12000mg L-1 of 
butyric acid. The bacterial cell growth’s dependence on butyric acid as a sole source of carbon 
and energy is a clear evidence for the degradation of the compound. Initial butyric acid
concentration and pH also influences the bacteria growth. Butyric acid utilising activity and 
bacterial cell growth were inhibited at high substrate concentrations. The optimal bacterial 
cell growth was obtained at pH 7.
Further studies are needed to determine the butyric acid degradation efficiency of the strain to 
confirm if the cell growth of strain B5a is positively related to degradation of butyric acid. 
Also the metabolic intermediates in the cell free extracts of A. xylosoxidans B5a  that are 
responsible for the change in the pH during the degradation process as observed from the 
study should be identified. The successful isolation of bacteria strain B5a capable of utilising 
butyric acid indigenous to the pit latrine faecal sludge reflects the significant potential of de-
odourisation of pit latrines with microorganisms.
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Introduction 
The centralized sewage treatment technologies have proven to be expensive, complex and are 
failing to cater the total wastewater generated. During 2015, in India, the estimated sewage 
generation was 61754 MLD as against the developed sewage treatment capacity of 22963 
MLD, about 38791 MLD of untreated sewage (62% of the total sewage) is discharged directly 
into nearby water bodies [1]. The untreated/partially treated wastewater makes its way to the 
water bodies causing immense degradation of the ecosystem and the environmental health. In 
urban India, 37% of human excreta generated is unsafely disposed, imposing significant effect 
on public health, working man days and environmental costs which results in loss of national 
revenues [2]. Inadequate and un-safe discharge of untreated domestic/ municipal wastewater 
has resulted in contamination of 75 % of all surface water across India [2]. Hence there is 
urgent need for up gradation in the capacity of wastewater treatment to cater to the needs of 
ever increasing wastewater production. Decentralization of wastewater treatment is a
sustainable solution to address this problem that locally treats the sewage and also 
reuse/recycle [3].  
The present study focuses on design of a novel electrochemical treatment process and design 
of electrochemical reactors for single household – 4 P. E. and for a community – 100 P.E. to 
treat black water, evaluation of their performance and advantage of their integration with
Vertical flow constructed wetland [4] to ultimately develop a decentralized wastewater 
treatment system (single household scale and Community scale) that can be integrated to
toilet with septic tank.
Material and Methods 
Laboratory scale experiments were conducted on a double chamber membrane separated 
electrochemical cell [5] for the studying the pH changes, energy requirements, disinfection, 
wastewater parameter reduction to obtain the design parameters for the household scale and 
the community scale reactor design. 
Performance analysis of the single household scale reactor combined with the VFCW and the
community scale treatment system was done on regular basis during which the samples at 
every stage (septic tank, wetland treated, EC treated) in the treatment system was collected 
and analyzed for COD,TKN, TAN,TP and coliform count. 
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Results and Discussion 
Single household integrated system included vertical flow constructed wetland was 
introduced between septic tank and the electrochemical reactor to remove the organics from 
the septage.Average COD, TKN, NH4-N and PO4

-3-P reduction by the constructed wetland
over a trail period of 60 day was 73.84%, 46.74%, 83.94% and 93.11%. Average log 
reduction in coliform number after wetland passage was 0.556. Average COD, TKN, NH4-N
and PO4

-3-P reduction by the integrated system was 73.99%, 42.87%, 81.12% and 99.3%. Log
reduction in coliform count was 5.8. Treatment rate, charge supplied and power consumption 
in EC was 0.180 m3/day, 2400 X 103 coulombs/m3 and 25.625 KWhr/m3day. Community
scale treatment system treating 100 people equivalent backwater (3 m3) which was direct
scale up of the hybrid single household scale treatment system showed similar percentage 
reductions of wastewater parameters. Average COD, PO4

-3-P, NH4-N and TKN reduction over
a trail period of 60 day by constructed wetland was 78.94%, 77.31%, 58.20% and 29.73% 
while the average reduction by integrated system was found to be 88.76 %, 83.59 %, 69.80% 
and 36.13%. Log reduction in coliform count by VFCW and integrated system was 0.85 and 
3.6. Treatment rate, charge supplied and power consumption was 3 m3/day, 1152 X 103

coulombs/m3 and 9.6 KWhr/m3day.

a)
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b) 
Figure 1: COD of influents and effluents of Single household (a) and Community scale 
treatment system (b). 
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Introduction 

Climate change has constrained water grid systems; thus, the greenhouse gases (GHG) emissions from energy 
consumption and inherent to the treatment process have gained more attention from the international 
community. In response to the need for energy savings and reduction of GHG emissions in high density cities 
with limited space, some countries have developed on-site sewage treatment facilities for water reuse and 
resource recovery. These cutting-edge technologies for sewage treatment have been widely studied for design, 
operation and optimization. Yet, diverse comparison tools and specific-case approach have complicated the 
decision-making process to implement them.  

The aim of this paper is to develop a stoichiometric life-cycle assessment (S-LCA) that provides a biochemical 
baseline for comparison between treatment and resource recovery technologies, to save both the time and costs 
of lab-scale tests. The stoichiometric framework is designed for comparing different treatment technologies 
for any specific sewage sample based on their chemical characterization, flows and concentrations. The 
technologies reviewed from a dominant biochemical pathway were activated sludge (AS), anaerobic digestion 
(AD), combined heat and power (CHP), dual fuel engine (DFE), and smart technologies such as staged 
anaerobic fluidized membrane bioreactor (SAF-MBR) and co-digestion (Co-D). The state-of-the-art 
technologies are characterized by their significant reduction of aeration due to their anaerobic/anoxic nature 
with lower retention times which reduce the reactors footprints. In addition, SAF-MBR produces methane 
(CH4) with potential for energy production; while Co-D enhances the carbon to nitrogen ratio for improved 
CH4 yield. The S-LCA was used to evaluate the net environmental impact of the chosen technologies based 
on the sewage influent information from a sewage treatment works (STWs) in Hong Kong. 

Methodology 

The stoichiometric life-cycle assessment (S-LCA) framework (Figure 1) used laboratory results to construct 
the specific empirical formula for microbial cells. Two sewage treatment works (STWs) configurations were 
studied. The business-as-usual (BAU) scenario consists of activated sludge (AS), anaerobic digestion (AD), 
and the use of combined heat and power (CHP) and dual fuel engine (DFE) for energy production 
(Tchobanoglous, et al., 2014). The scenario with smart sewage treatment technologies (S1) consists of a staged 
anaerobic fluidized membrane bioreactor (SAF-MBR) and co-digestion (Co-D). The SAF-MBR involves two 
reactors (Yoo, et al., 2012). The first reactor is an anaerobic fluidized-bed bioreactor (AFBR), followed by a 
fluidized-bed membrane bioreactor (F-MBR). Based on the different STWs configurations and the empirical 
formula, the general stoichiometric framework was developed based on the substrate partitioning and cellular 
framework established (Eq.1) in Rittmann & McCarty (2001).  

R = feRa + fsRc − Rd           (Eq. 1) 
where, fe is the electron portion for energy generation, Ra is the electron-acceptor equation, fs is the electron 
portion used for cell synthesis, Rc is the cell synthesis equation, and Rd is the electron-donor equation.  
 
The stoichiometric results and the energy requirements of the technologies were integrated to the life-cycle 
inventory (LCI) in combination with the Ecoinvent database to develop the life-cycle impact assessment 



 

(LCIA). The last step of the LCA provides an interpretation of the different scenarios evaluated from an 
environmental impact perspective. 
 

 
Figure 1. S-LCA framework modified from Bisinella de Faria, et al. (2015) 

Results and Discussion 

The empirical data used to evaluate the Hong Kong STWs included the elemental analysis of the sewage 
sample, flows of two influent points, ammonium (NH4

+) and solids concentrations at the influent points, 
solids retention times, and the number of existing CHP and DFE. The preliminary results showed that: (i) the 
smart treatment technologies represent a reduction of up to 30% in the oxygen (O2) needed compared to the 
AS treatment, which saves energy for aeration and reduces carbon dioxide (CO2) indirect emissions from 
energy consumption (ii) the new technologies increase the CO2 direct emissions up to 6%, but recovers 50% 
more electricity than conventional systems, which represents reduced indirect CO2 emissions by electricity 
consumption avoided, (iii) the SAF-MBR doubles the methane (CH4) production for the S1, while the Co-D 
increase the CH4 yield production up to 30% compared to the sole-substrate AD, (iv) the effluent biomass and 
NH4

+  concentrations are higher for the new technologies compared to the conventional treatment, (v) the 
proposed S-LCA will account for the trade-off of both systems to obtain a comprehensive result on the 
environmental impact of the system, especially in the acidification and eutrophication categories.    
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INTRODUCTION / MAIN METHIODS
With nearly 500,000 septic systems currently installed in Ireland, approximately one third of 
its domestic wastewater is treated on-site by means of a settling tank and/or packaged 
treatment plant (CSO, 2011) before being discharged into a soil treatment unit consisting of 
several percolation trenches. At the infiltrative surface, a biological clogging zone – also 
known as microbial biomat – forms over time, providing additional treatment and facilitating 
the required distribution of effluent over the entire percolation area (McKinley & Siegrist,
2011).  

Previous research has indicated that the development of such a biomat along the base and 
wetted sides of the percolation trenches influences the hydraulic loading rate and subsequent 
attenuation of pollutants in the unsaturated zone. Irish studies on different subsoil 
permeabilities found higher nitrogen loading to the groundwater under percolation areas fed 
with secondary treated effluent compared to primary septic tank effluent, likely due to 
significantly reduced biomat formation (Gill et al., 2009).  

Based on experimental field studies, this study aims at developing effective mathematical 
models for describing the growth and interaction of soil biomass with nutrients and 
environmental factors as well as the contaminant transport and attenuation through the 
variably saturated soil within the percolation area (Winstanley & Fowler, 2013) in order to 
improve the understanding of the long-term environmental sustainability of septic systems, 
and will, in turn, contribute to a more insightful assessment of the cost-effectiveness of 
existing design guidelines and regulations. 

Three field research sites have been set-up to treat the domestic effluent of individual 
households (2 to 4 PE) in rural Ireland. Following a conventional two-chamber septic tank, 
the partially treated wastewater is then split equally into two streams: (a) direct discharge of 
primary effluent into one half of the percolation area (two percolation trenches of 18 m 
length), and (b) further treatment in a packaged treatment unit (rotating biological contactor or 
coco peat filter) before being discharged into the other half of the percolation area (additional 
two percolation trenches of 18 m length). Meteorological data, wastewater flow, and moisture 
content, temperature and electric conductivity in the percolation area are continuously 
recorded on site and related to effluent quality data from soil moisture samples collected in 
suction cup lysimeters installed at various positions and depths in the percolation area. 



MAIN RESULTS AND CONCLUSIONS
The data from the three-dimensional sensor networks monitoring soil moisture conditions and 
chemical characteristics of the effluent plume within the soil treatment unit express distinct 
responses to hydraulic and organic loading patterns, and temporarily saturated conditions 
following heavy rainfall events both in areas receiving primary and secondary effluent, 
respectively (as indicated in Fig. 1). Additionally, greenhouse gas emissions resulting from 
microbial activity in the soil are quantified. The data from this study will be used to inform 
mathematical and computational finite elements models of the variably saturated zone beneath 
the infiltrative surface in order to simulate contaminant transport and attenuation, and assess 
the influence of pre-treatment on the overall performance of soil treatment units receiving on-
site effluent to support more informed decision making in drafting guidelines and regulations 
for designing environmentally sustainable septic systems. 

Figure 1. Mean-normalized soil water content over time in the soil treatment unit at 5 cm and 
10 cm below the infiltrative surface and 1 m, 5 m, 10 m, and 15 m along the percolation 
trenches for primary and secondary effluent.
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Abstract

The quality standards of surface waters increase steadily bearing new challenges for water 
policy. For any management activities in a catchment, it is of particular importance to know 
the origin and pathways of the various impacts in a catchment area very precisely. Especially 
in small and middle scale catchments, online measurements with high time resolution are 
particularly suited for this purpose. In this paper a concept of mobile measuring stations is 
presented, in which sensors and wet chemical analyzers are combined to provide data of 
various parameters allowing the identification of pollution situations in a river. Some 
examples of impacts from diffuse and point sources are given to illustrate the high 
information density realised by the system. 

Introduction

As a consequence of the demands of the EU-Water Framework Directive (WFD), the status 
of small and middle scale rivers was more intensively put into focus. In order to assess 
different impacts on a river and thus its status it is very useful to evaluate both pollution 
sources and transport pathways in a combined approach (see e.g. LEONE ET AL 2008). 
Especially in smaller catchments real time monitoring using online measurements with high 
temporal resolution is very suitable for this purpose because of the intensive dynamic and 
high reaction rate of small rivers impacts and their effects become apparent immediately and 
distinctively. Online measurements allow to depict the real quality status of a river and to 
detect short-term events as well as long lasting changes. 

Up to now, numerous kinds of online monitoring systems were realised. Most of them are 
designed to analyse special issues such as the estimation of nutrient fluxes (see e.g. SHORE
ET AL 2017; MELLANDER ET Al 2012), assessment of the ecological status (see e.g. DESMET
ET AL 2011) or detection of domestic wastewater impacts (see e.g. BOËNNE ET AL 2014). The 
better part of the studies are based on the use of in-situ sensors (see e.g. GLASGOW ET AL
2004; O’FLYNN ET AL 2010; UNGUREANU ET AL 2010; JIANG ET AL 2009). However, more 
elaborated devices like wet chemical analyzers are rarely used because of high investment 
and maintenance costs.

In the Saarland (Germany) mobile measuring stations equipped with both sensors and wet 
chemical analyzers have been operated since many years. In this context, different 
parameter combinations in high time resolution turned out to be a very useful tool for the 
identification as well as the assessment of impacts in small and middle scale rivers.

The purpose of this paper is to present the potential of this system for water quality 
monitoring. In order to illustrate this approach, a few examples of impacts from point sources 
and from diffuse (or non-point) sources are presented in the following. 



Methods

The Saarland is the smallest German Federal State and located at the French and 
Luxembourgian border in the West. Because of its situation in a low mountain range area 
there are numerous small and middle scale rivers. The Saarland has a very high population 
density (387 people per km2), and the region is characterized by intensive agricultural and 
industrial activities. Of course this generally creates a high environmental pressure. 
Especially for the surface waters a number of conflicts of interest exist considering different 
aspects such as drinking water supply, waste water discharge, transport, fishery, agricultural 
irrigation, recreation, tourism and many more. 

In order to monitor most of these surface waters and to identify those factors endangering 
the water quality several mobile measuring stations were developed as mobile trailers (l: 6.1 
m, w: 2.1 m, h: 2.8 m) which can be installed on site nearby the river. The water is 
transported by a pump submerged in the river into a sample basin in the station from where 
the overflow is drained back into the river by an outlet on the opposite side (see fig. 1). 
Measuring devices for oxygen (O2), temperature, pH value, conductivity, turbidity and nitrate 
(in fact total oxidized nitrogen, NO3 and NO2) are immerged into this basin. In addition three 
wet chemical analysers (self-calibrating online-photometers) are installed in the station to 
measure ammonia (NH4), TOC (total organic carbon) and total phosphorous (TP: unfiltered 
and digested) and total reactive phosphorous (TRP: unfiltered and undigested). For the 
determination of ammonia the water is pulled through a filter, for TOC and TP / TRP the 
sample first passes an ultrasonic homogenisation unit (see fig. 1). Thus the actual water 
quality can be analysed automatically in a 5 to 10 minutes frequency. The collected data are 
stored in a data logger from where they are transferred to a central computer via GSM and 
stored in a database.  

Figure 1: Scheme of a measuring station with sensors in the sample basin (left side) and wet chemical 
analyzers for NH4, TOC, TRP and TP

The pump and all measuring devices are cleaned and maintained at least once a week, at 
the same time control samples are taken from the river and in the sample basin and 
analysed at the home lab to ensure the quality of the continuous data. To evaluate and 
especially to interpret the data, all available information about the catchment such as 
geological and hydrogeological characteristics, land use, domestic and industrial wastewater 



discharges, data of other monitoring programmes (e.g. by the state office or by local water 
companies) are taken into consideration. All representative climatic data and river discharge 
data which are indispensable for the data treatment and interpretation are delivered from the 
Saarland Agency for Environmental Protection and Customers Safety (LUA).  

Thus regarding different parameter combinations over various time periods allows drawing 
conclusions about the pollution´s origin and intensity. To this the data sets always have to be 
combined with water amount and precipitation values. 
Up to now we have run three large stations and two smaller ones (without photometric 
devices), one of them with solar power supply (see also KHALID ET AL 2016). The stations are 
very flexible considering spatial as well as methodological aspects and can easily be adapted 
to different requirements and applied to various investigation issues. The rivers which are to 
be monitored, as well as measuring sites and time periods are decided on in intensive 
discussion with the Saarland Environmental Ministry (MUV) and the agencies in charge. Any 
site chosen has to be accessible by car, for operation and maintenance of the station a 
power supply (1 x 400 V or 2 x 220 V each) is required. Depending on investigation issues 
and significance of the water body one measuring period can last between 6 months and 1.5
years.

Results and discussion

One of the most important demands of the WFD is the so called “combined approach for 
point and diffuse sources” set out in Article 10. According to this article, all EU-Member 
States are requested to ensure the control of all discharges emitted in the rivers based on 
best available techniques. This claim can often not be realised by simple grab sampling.

Diffuse pollution 

According to the European Environment Agency (EEA 2017) “agriculture is a key source of 
diffuse pollution” and its control can only be realised by help of continuous measurements on 
a high frequency. In agricultural catchments, nitrate, TOC and phosphorous are the relevant 
parameters which can actually be detected online. The knowledge of quantity and pathways 
of the diffuse impacts of these three substances will also point to other potential 
contaminants (for pesticides e.g. see CRUZEIRO ET AL 2016). 

Impacts via surface runoff

Diffuse pollution triggered by rainfalls on agricultural areas is very often dominated by 
erosion effects leading to increasing turbidity values. Different substances such as 
phosphorous brought out in synthetic and natural fertilisers are bound to these turbidity 
causing particles which are transported via surface runoff. Depending on the soil 
characteristics the portion of phosphorous being dissolved or adsorbed on particles can 
differ. 

Figure 2 shows an example of several consecutive erosion events in the river Blies in 
Reinheim in the Saarland in spring season. One can see that with every increase of turbidity 
the concentration of TP rises accordingly. Thus particle bound phosphorous (which is 
calculated as the difference between dissolved TRP and TP) make up most of the TP
amount. The concentration of TRP stagnates or is even diluted during these events. 



Figure 2: Impacts of particle bounded P and increase of turbidity caused by surface runoff in river Blies 
(Reinheim) (May 28th – June 9th 2009)

In most cases these phenomena occur during the autumn season after harvesting. In 
numerous agricultural catchments we could define such P impacts during stormflow events 
as the most important source for P pressures (cf. for instance SHORE ET AL (2017) who 
observed higher P concentrations during low-water discharge than during stormflow). 

Impacts via interflow

In most agricultural catchments diffuse sources are the main impact sources for nitrate. 
Surplus nitrate from fertilizers applied on the fields is dissolved in rain water. In many cases 
the water infiltrates the unsaturated soil zone (interflow), and dissolved nitrate is laterally 
transported through the soil before the water again exfiltrates into the surface water. This 
transportation process results in a time lag between the maximum of river discharge and the 
maximum of nitrate concentration. Figure 3 illustrates an example of several interflow events 
in the agricultural catchent of the river Seffersbach in the Saarland. In this catchent two 
measuring stations were installed: one in the upstream area of the river (station 1 in Bachem)
and the other one close to the mouth into the river Saar (station 2 in Merzig). In both stations 
basic concentrations of nitrate were about 3.5 mg/L and were diluted during rainfalls. With 
decilinign river discharge the nitrate contents in the upstream area of the river immediately,
however, nitrate contents in the doenstream area jumped to very high maximum values. 
There is an obvious time lag between the river discharge maxima and the concentraion 
maxima at station 2 caused by the interflow transport of nitrate in this area.   



Figure 3: Dilution and impacts of nitrate in two measuring stations at river Seffersbach (Bachem – 
station 1, Merzig – station 2) (November 11th – 6th 2016) (rainfalls are marked as thin lines)

In groundwater-fed agricultural catchments these phenomena are rarely seen. 

Point source pollution 

Continuous measurements also serve to identify point source pollution. Not only short time 
events can reliably be detected by them. Medium term observations can also help to identify 
different impacts and their pathways.  

Impacts from waste water treatment plants (WWTPs) 

Impacts of domestic and industrial treatment plants can be detected very well especially 
during dry weather periods. In order to estimate these impacts, the loads of different 
substances can be analysed in high temporal resolution in addition to the concentrations 
irrespectively of any weather conditions. In figure 4a concentrations of TRP and TP are 
shown during a dry weather period with declining river discharge in river Ill in Eppelborn. In 
this period the concentrations of both TRP and TP increase constantly. When plotting the 
loads of these two substances for the same time period (see figure 4b) one can see that 
loads almost stagnate around 0.25 kg/h for TP and 0.2 kg/h for ortho-phosphate-P. So it can 
be concluded that these loads represent the basic amounts emitted by the treatment plants 
in this catchment.  

Figure 4a: Concentrations and b: loads of TP and ortho-phosphate-P during a dry weather period in 
river Ill (Eppelborn). (October 4th - 11th 2010)



Impacts from CSOs

One of the most pressing problems in many urban or settlement areas are incidents caused 
by combined sewer overflows (CSOs).During rainfalls these discharges can occur very 
suddenly when surface flows exceed the capacities of channels and treatment plants. Even 
though these events normally only last few hours, they cause harmful hydraulic stress and 
pollution impacts. While grab sampling is unsuitable to detect and to qualify especially such 
incidents, numerous strategies have been tested for doing so by using different aspects of 
continuous measurements (see e.g. BOËNNE ET AL 2014).

The effects of a CSO´s discharge are shown in figure 5, giving an example of two events in 
river the Bist in Wadgassen. During the first incident, ammonia concentrations rose to 1.97 
mg/L NH4-N and TOC concentrations to 14.6 mg/L leading to a 56 hours lasting reduction in 
dissolved oxygen (< 7 mg/L O2) in the river. The smaller events did not affect the oxygen
content so much. It must be noted that such low NH4-concentrations cannot be monitored by 
other measuring methods like e.g. ion sensitive sensors (ISE) (see also e.g. BOËNNE ET AL
2014).

Figure 5: Raising concentrations of ammonia-N and TOC and oxygen reduction caused by impacts 
from a COS in the river Bist (Wadgassen) (November 1st - 15th 2012)

Online measurements can also help to detect impact duration, discharge frequency and 
loads of each CSO. Similar observations are also reported by e.g. by FU & BUTLER 2012.

Parameter combinations

For the interpretation of continuous measurements it is essential to look at various 
combinations of different parameters at the same time in order to identify sources and 
pathways of pollution (see also e.g. ANGULO ET AL 2012). This should be applied for short 
term events as well as for mid-term or even long term periods. A look at the correlation 
between different parameters helps to better understand the situation in the river. To give an 
example, a low mathematical correlation factor of TRP and T is a strong indication for 
agricultural impacts (as shown in figure 2). In contrast a high correlation between TRP and 
ammonia is significant for discharges of domestic wastewater. Figure 6 gives an example for 
such a correlation for a nearly six month’s period at river Seffersbach in Merzig. (It must be



mentioned that some of the ammonia values were beyond the detection limit of the analyser
(2 mg/L) and could thus not be measured correctly. Otherwise the correlation coefficient 
would have been even higher.)  

Figure 6: High correlations between ortho-phosphate-P concentrations and ammonia-N concentrations 
in the river Seffersbach (Merzig). (November 5th 2016 – April 24th 2017)

Conclusions

To this day the mobile measuring stations have been operated at 38 sites monitoring 27 
different small and middle scale rivers all over the Saarland. The real-time measurements 
give a clear picture of the situation at all times and they allow more than the control of 
threshold values. Due to the combination of sensors and wet chemical analyzers a number of 
different parameters can be measured reliably. A detailed study of these data together with 
their diverse correlations over various time scales allows us to draw very general conclusions 
as well as catchment- or site-specific ones. Thereby the entire number of impacts, their origin 
and emission pathways into the river as well as the geological background and other natural 
characteristics can be identified and described. 

It has to be underlined that the system presented in this paper turned out to be a very useful 
tool to provide relevant information for all stakeholders involved in integrated catchment 
management. The results enable authorities to plan and take effective measures to improve 
the water quality and to support and control the implementation of the European Water 
Framework Directive and other demands of water management, especially in small and 
middle scale catchments.
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INTRODUCTION / MAIN METHODS
The domestic wastewater of approximately one third of the population in Ireland, ~500 000 
dwellings, is treated by on-site domestic wastewater treatment systems (DWTS) of which 
more than 87% are septic tanks (CSO 2016). The potential impacts of such on-site effluent are 
the pollution of either groundwater and / or surface water. If the effluent loading on the 
subsoil is too high, the permeability of the subsoil excessive or there is an insufficient depth 
of subsoil then the groundwater beneath a percolation area is at risk of pollution, in particular 
from microbiological pathogens and / or nutrients. Alternatively, if there is insufficient 
permeability in the subsoil to take the effluent load, surface ponding may occur with 
associated health risks, and there will be a risk of effluent discharge / runoff of pollutants to 
surface water and also wells.

Recent research has highlighted the potential for DWTS to act as a source of pollution to 
surface waters (Arnscheidt et al. 2007; Withers et al. 2007; Deal 2012), particularly in terms 
of phosphorus (P) loading. Low baseflow during dry periods and ecologically sensitive 
seasons means that chronic P inputs to small headwater (low order) streams become more 
significant due to reduced dilution capacity (Jarvie et al. 2008). Equally, studies of private 
wells in Ireland and elsewhere have shown a significant proportion to be contaminated, with 
sources of microbial contamination known to include DWTS, as well as practices associated 
with intensive agricultural production. While the microbial quality of private well water is 
commonly assessed using faecal indicator bacteria (FIB), such as E. coli, FIB are not source-
specific, and provide no information as to the origin of the contamination, making remedial 
actions challenging. This research has therefore applied and evaluated a range of chemical 
fingerprinting techniques in an attempt to identify a robust method for apportioning
contamination of surface waters and private wells to a specific source.

Four suitable study catchments were selected based on a list of priority characteristics. The 
aim was to identify small catchments (<10 km2) in areas with high likelihood of inadequate
percolation to ground and with a high density of DWTS. Instrumentation was installed at the 
upstream and downstream of the clusters of DWTS sites in all study catchments to measure 
conductivity, temperature and water levels continuously. Furthermore weather stations at both 
upstream sites recorded meteorological data for the catchments. Water quality monitoring was 
performed over a 1-year period capturing periods of baseflow as well as storm events. 

For the assessment of well contamination, 212 Irish households that depend on both private 
wells and DWTS (mainly septic tanks) were selected and evaluated by site assessment 
surveys. Approximately half of the wells were located in the catchments being monitored for 



surface water quality (as discussed) whilst the other half were in areas of Extreme 
groundwater vulnerability. One-off water quality monitoring was carried out on all wells and 
a subset of 24 was then chosen for monthly sampling for a period of 12 months. 

All water quality samples were also analysed for prospective tracers of human effluent which 
included: FIB, ionic ratios, fluorescent whitening compounds (FWCs), faecal sterol profiles, 
artificial sweeteners, caffeine and 5 different pharmaceuticals

MAIN RESULTS AND CONCLUSIONS
With respect to private well contamination, the once-off sampling of the 212 selected wells 
found that 15% were contaminated with E. coli. Subsequent monitoring of 24 selected wells 
found 45% to be contaminated with E. coli at least once. The application of fingerprinting 
techniques to these monitored wells found that ionic ratio analysis, specifically the use of 
chloride/bromide and potassium/sodium ratios, to be a useful low cost fingerprinting 
technique capable of identify impacts from human wastewater and organic agricultural 
contamination respectively. The artificial sweetener acesulfame was detected on several 
occasions in a number of monitored wells, suggesting its conservative nature and potential use 
as fingerprinting technique for human wastewater. However, FWCs, faecal sterols and 
caffeine were not detected in any wells, suggesting low suitability. 

With respect to the surface water contamination, sterol profiles and the presence of FWCs 
indicated impacted sites by the discharge of septic tank effluent which was supported by other 
microbial source tracking methods. FWCs discharged into rivers by DWTS could be detected 
during low flow conditions and where septic tank effluents have a high contribution to the 
river flow, although the fluorometric detection limits for FWCs in river water did depend on 
organic matter content. A recommended tired approach for surface water was devised to first 
sample upstream and downstream of a suspected source of contamination for ammonia and E. 
coli. If there is a significant difference, then FWC analysis should be carried out which will 
determine the proximity of pollution. If further confirmation is needed, following a detailed 
site survey, then more specific analysis of caffeine, sweeteners, and/or pharmaceutical 
compounds could be carried out, moving finally onto faecal sterols

REFERENCES
Arnscheidt J., Jordan P., Li S., McCormick S., McFaul R., McGrogan H.J., Neal M. & Sims 
JT. 2007 Determining the sources of low-flow Phosphorus in complex catchment. Science of 
the Total Environment, 382, 1–13. 

Central Statistics Office 2016 Census 2016, Principal Demographic Results; Central Statistics 
Office, Government of Ireland, Stationery Office: Dublin, Ireland, 2017. 

Deal N. 2012 Nutrient emissions to water from septic tank systems in rural catchments: 
Uncertainties and Implications for policy. Environmental Science and Policy, 24, 71 – 81. 

Jarvie H.P., Withers P.J.A., Hodgkinson R., Bates A., Neal M., Wickham H.D., Harman S.A. 
& Armstrong L. 2008 Influence of rural landuse on streamwater nutrients and their ecological 
significance. Journal of Hydrology, 350, 166-186.

Withers P.J.A., Jarvie, H.P. & Stoate C. 2011 Quantifying the impact of septic tank systems 
on eutrophication risk in rural headwaters. Environment International, 37, 644-653. 



Aquavalens special sessions 14:00-18:00
Developments in the microbial monitoring of small water supplies: 
A series of linked talks from 7 Researchers in this EU FP7 funded research

Chair: Ricardo Santos - Instituto Superior Tecnico

Protecting the health of Europeans by improving methods for the detection of pathogens in drinking water 
and water used in food preparation. How to better assess risk and control safety in water supplies 
Robert Pitchers - WRC plc

Small water systems across Europe: overview and technical approach 
Ricardo Santos - Instituto Superior Tecnico

Integrated Stand-alone Treatment Stations: a solutions for microbiological problems in Small Water Systems 
Ana Pereira - Enkrott, S.A.

Microbiological quality of small water supplies across Europe: can we trust the traditional indicators? 
Silvia Monteiro - Instituto Superior Tecnico

Do AQUAVALENS analytical methods meet the expectations of both the users of the technologies and water 
consumers? Talk based on large water and small water users 
Alma López-Avilés - University of Surrey

Epidemiological studies of health risks associated with small drinking water supplies 
Paul Hunter - University of East Anglia

Water safety plans in small water supplies. Using a WSP to safeguard water in rural communities of less 
than 5,000 inhabitants 
Maria Gunnarsdottir - University of Iceland

Tuesday 24 October
Salle I



NANTES – WP11 Summary of presentations – 11 Oct 2017 version 

Robert Pitchers, WRC, UK 

Aquavalens - Protecting the health of Europeans by improving methods for the detection of 

pathogens in drinking water and water used in food preparation 

  

This presentation will introduce the AQUAVALENS project which has brought together SMEs, 

Industries, Universities and Research Institutes with the aim of protecting the health of European 

Citizens from exposure to waterborne pathogens through drinking water and water used in food 

processing. We have developed sustainable technologies to enable water system managers 

whether in large or small water systems or within food growers or manufacturers to better assess 

the risk and improve control of the safety of their water supplies. 

 

Ricardo Santos, Instituto Superior Técnico, Portugal 

Small water systems across Europe: overview and technical approach 

This presentation will describe the different scenarios of small water systems across different 

European countries. Different local conditions and constraints will lead to different sampling and 

options being chosen in these systems. This talk will give an outline of the objectives, sampling, 

and solutions uses by Aquavalens for Small Water Systems. 

 

Ana Pereira, Enkrott, Portugal 

Small Systems integrated and stand-alone water microbiological treatment, monitoring and 

sampling solutions 

This talk will focus on how Integrated Stand-alone Treatment Stations can be a solution for the promotion 

of a better microbiological water quality among the populations using Small Systems. The approach 

described combines the water treatment, with monitoring of critical parameters (like turbidity), which are 

triggers for automatic sampling and for the implementation of preventive countermeasures. 

 



Silvia Monteiro, Instituto Superior Técnico, Portugal 

Microbiological quality in small water supplies: are the traditional indicators enough? 

One third of the population in Europe do not receive their water from strictly controlled large 

water companies, depending instead on small water systems. The water quality of these small 

systems is very often problematic because undertrained personnel manage them and have little 

access to funding. Therefore, higher levels of indicator bacteria are often associated with small 

water systems. The work developed within Aquavalens in small water systems will provide us 

with a better knowledge of the water quality in Eastern, North and South Europe. We will 

present the results of the microbial water quality testing done in small water supplies. This 

covers traditional indicators, and also the analysis of enteric viruses (Norovirus GI and GII, 

Hepatitis A and E viruses, and Enteroviruses), protozoa (Cryptosporidium spp. and Giardia spp.) 

and Campylobacter coli and jejuni. The usefulness of pathogen detection will also be discussed.  

 

Alma Lópes-Avilés, University of Surrey, UK 

Do AQUAVALENS analytical methods meet the perception and expectations of both the users of 

the technologies and water consumers? 

This talk presents results from the analysis of data collected via two questionnaires distributed to: 1) users 

of AQUAVALENS technologies in Portugal, Scotland, Ireland, Spain and Serbia; and 2) users of small 

water supplies in Portugal, Scotland and Serbia.  In Scotland, residents connected to ‘mains’ water 

supplies were also surveyed for comparison.  

 

Paul R Hunter, East Anglia University, UK 

Epidemiological studies of health risks associated with small drinking water supplies. 

It is well known that small water supplies are more likely to be contaminated with indicator 

bacteria than larger supplies and this is especially the case for very small supplies providing 

water to just a few households. In these very small supplies, indicator bacteria can be present in 

very high concentrations. However, epidemiological evidence of disease is sparse as is the 

evidence on the presence of specific pathogens. This presentation will review the 



epidemiological evidence of adverse human health effects in people consuming unsatisfactory 

drinking water from small water supplies. This review will cover evidence from reports of 

outbreaks and from prospective cohort studies. 

 

María J. Gunnarsdóttir, University of Iceland, Iceland 

Water safety plans in small water supplies 

To deal with challenges to water safety the water sector is addressing the problem by using systematic 

preventive management called a Water Safety Plan (WSP). This approach is now widely practiced 

globally and is used in over 90 countries. In many countries it is also applied in small supplies. Many 

studies have shown that non-compliance of drinking water quality is much higher in small water supplies 

than in large ones and waterborne disease outbreaks are more common in the small supplies. Hence there 

is a need for action to improve risk assessment and risk management in small supplies. Iceland has 

implemented the WSP approach in many small system and it has been demonstrated to improve both 

water quality and public health as well as management of the system. At least 23 small towns with less 

than 5000 inhabitants have a WSP in place. A number of small towns worked together on the 

implementation process and it has been shown to be beneficial for three communities. It is also seen as a 

great advantage to have “approved water” when attracting enterprises to the towns as having safe water is 

a prerequisite for much commercial activity and especially for all food production. The improved and 

tested Aquavalens molecular methods of detecting waterborne pathogens quickly and effectively as well 

as on-line water testing will support WSP implementation and operation in the water sector as a whole. 

These methods have also the potential to support good risk management in small supplies and thereby 

improve public health.  
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Keynote speaker: 
MOLLE Pascal, Irstea, France 

Bio: 

Pascal Molle, Senior Researcher at Irstea (France), MSc in environmental engineering and a PhD in 
chemical engineering for wastewater treatment, with 19 years of experience in the development of eco-
technological systems for the wastewater treatment for small and medium size communities, sludge 
treatment and storm waters. Molle oversees the research for waste water treatment for small and 
medium size communities. He created and is leading a French national group on the evaluation of new 
treatment processes for small communities (www.epnac.irstea.fr) involving all French public institutions 
implied in sanitation issues. His research focuses on the development and optimization of processes of 
treatment wetlands for different kind of influent (domestic WW, sludge, storm waters) and climate 
conditions (tropical, mountain areas).  Using a specific research platform (REFLET) dedicated to 
treatment wetlands, and full scale experiments, research has been devoted to improve performances 
(phosphorus, nitrogen …) intensify systems (compactness), develop associations of conventional 
systems with treatment wetlands and modeling design tools.  He’s driving research and expertise to 
develop sustainable treatment systems in French outermost tropical islands and southern countries 
(Morocco, Tunisia, Costa Rica …). His research includes knowing water and nutrient reuse objectives.  He 
is the author of more than 100 scientific publications dealing with wastewater treatment. 



Technological evolution of wastewater 
treatment plant for small communities 
in France: 
what constructed wetlands have changed 

MOLLE Pascal, Irstea 

With 31,772 communities below 2,000 habitants, France had to implement many small wastewater treatment 
plants  (WWTP)  over  the  last  decades.  These  communities’  sizes  represent  around  25  %  of  the  population. 
Around 20,000 treatment plants are in operation for capacities below 2,000 p.e. The technologies applied are 
mainly  dominated  by  3  processes  as  activated  sludge,  waste  stabilization  ponds  and  constructed  wetlands 
(around 20 % of small WWTP each one). Others classical technologies are  in operation as well nowadays  like 
trickling filters (around 7 %), rotating disks, biofilters and sand filters (around 2 % each one). 
The actual distribution of treatment plant technologies does not reflect the evolution of applied technologies 
over time. Forced by regulation, small communities had to implement treatment system from the 70s, starting 
from the biggest capacities, with a real push from the  late 80s. Since 2010, WWTP  implementation for small 
communities represents mainly retrofitting of old systems. During these decades, technologies and knowledge 
evolved resulting in different technologies waves. If in the 70s activated sludge were mainly implemented, due 
to maintenance difficulties for small communities (and sludge losses), waste stabilization ponds and sand filters 
became  the  main  technologies  to  be  applied  below  2,000  p.e.  and  especially  for  the  smallest  ones. 
Nevertheless, these two last technologies were not totally satisfactory. 

Despite  precise  rules  for  sand  quality  sand  filters  suffered  from  clogging  due  to  bad  sand  choice  quality  or 
unstable performances of primary treatments (basically septic or Imhoff tanks). Waste stabilization ponds were 
conformed  to  expected  performances  but  became  less  attractive  due  to  their  foot  print  (11 m²/p.e.  under 
French climate) as well as their incapacity to fulfil a more stringent regulation. Both technologies led to specific 
research programs to  i)  retrofit sand filters systems,  ii)  improve water quality from waste stabilization ponds 
(TSS, BOD5 and ammonia). 

At the end of the 90s, beginning 2000, a new technology started to be implemented after some research works 
done by Irstea (formerly Cemagref): Constructed wetlands French style. They consist  in two stages of vertical 
flow  treatment wetlands.  The  first  stage  treats  sludge  and wastewater  in  a  single  step.  Each  stage  contains 
alternately  operated  cells.  In  the  first  stage,  sludge  treatment,  partial  removal  of  organic  matter  and 
nitrification takes place. In the second stage, final organic matter removal and nitrification occurs. The treated 
sludge  from  the  first  stage collects at a  rate of approximately  two  to  three cm per year when  the  system  is 
operated  at  design  load.  The  deposit  layer  must  be  removed  once  it  reaches  a  depth  of  20  cm,  which  in 
practice, generally is every 10 to 15 years. This technology known a big success in France and became the main 
technology  implemented  for  small  communities  since  2005.  The  success  comes  from  a  robust  and  reliable 
aerobic treatment, an easy sludge management as well as a good acceptance from communities thanks to their 
green aspect.  

From  this  success,  researches  started  to  focus on  the main disadvantages of  the  system: how  to  treat  total 
nitrogen,  phosphorus  and  reduce  the  footprint?  As well,  researches  tried  to  better  define  the  limits  of  the 
technology  regards  to  cold  climate,  acceptance  of  storm  events  and  organic  overloads.  These  researches 
allowed increasing the development of treatment wetlands in France. As a consequence, treatment wetlands 
became  a  first‐choice  technology  for  small  communities  and  many  specialized  companies  developed.  The 
technology  has  been  widely  implemented  using  only  wetlands  systems  or  associated  with  conventional 
technologies (trickling systems, rotating disks).  

Nowadays, researches focus on applying treatment wetlands in some extreme conditions defined by very low 
footprint, high treatment levels (for instance micro pollutants or pathogen) and high loads variations. In such 
conditions,  intensified  treatment  wetlands  appear  to  be  a,  interesting  technology  that  could  increase  their 
domain of application while allowing stable and reliable performances. 



Keynote speaker: 
SPERANDIO Mathieu, Toulouse University, France 

Bio: 

Mathieu SPERANDIO is Professor at Toulouse University, in Chemical Engineering department of INSA of 
Toulouse, in France. He holds a PhD in chemical engineering in 1998. He is leading a research group at 
laboratory LISBP, in biosystems engineering. He has 20 year research experience dedicated to 
sustainable technologies for wastewater treatment and nutrient recovery, including optimization and 
modelling aspects. He managed recent research programs on granular sludge systems, anammox 
process, phosphorus recovery and nitrous oxide emissions. He is a member of the management board of 
IWA specialist group on Nutrient Removal and Recovery. He is currently supporting and coordinating 
innovative R&D programs with public-private partnerships in France, for developing and demonstrating 
new management strategies in wastewater field.  



How resource recovery and energy efficient 
technologies should be deployed in the 
cities? Small or big? 

SPERANDIO Mathieu, Toulouse University, France 

Up to now wastewater treatment has been developed with a centralized vision mainly for preserving 
public health in our developed countries. But wastewater management has now to consider new 
challenges: recovery of nutrients, water, and energy. The conversion of wastewater treatment plants 
(WWTP) into water resource recovery facilities (WRRF) is now needed but can be complex and costly, 
because of multiple constraints: wastewater dilution, low flexibility of existing facilities, and low 
discharge limits. Source separation approach could offer a new solution in urban area with 
differentiated collection and treatment for black, grey or yellow water. Between fully centralized or fully 
decentralized treatment, technologies can be declined at different scales as soon as optimal threshold 
would be found based on technical, environmental and economical assessments. From construction 
field the demand for innovative water solutions that address technical issues in a cost-effective way is 
now growing. Recent experience on recovery techniques and energy saving technologies as well as 
development of integrative modelling will help us to compare wastewater management scenarios, 
promoting eco-conception and helping decision makers in future water smart cities. 



Keynote speaker: 
SIEGRIST Robert, Colorado School of Mines, USA 
 

Bio: 

Robert L. Siegrist, PhD, PE, BCEE is University Professor Emeritus of Environmental Science and 
Engineering at the Colorado School of Mines and also a Professor of Civil and Environmental 
Engineering. He is the former Director of the Environmental Science and Engineering Division at CSM
and founding Director of the Small Flows Program. Before joining CSM in 1995, Prof. Siegrist held 
academic and research positions with the University of Wisconsin, Norwegian Institute for Georesources 
and Pollution Research, Ayres Associates Inc., and Oak Ridge National Laboratory. He earned his BS 
(High Honors) and MS in Civil Engineering and his PhD in Environmental Engineering at the University 
of Wisconsin where he conducted research within the Small Scale Waste Management Project. Prof.
Siegrist is an internationally recognized expert in decentralized water reclamation and in situ remediation 
of contaminated land. During his 40-year career he has published over 300 technical papers and 3 books 
and was awarded 2 patents. His new textbook, Decentralized Water Reclamation Engineering, was just 
published by Springer (www.springer.com/us/book/9783319404714). He has given invited keynote 
lectures at more than 100 workshops and conferences in more than 30 countries worldwide. He has also 
served as a science and engineering advisor to private and government agencies and organizations in the 
United States and abroad and has been a Fellow with the NATO Committee for Challenges to Modern 
Society.
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Decentralized Systems Engineering Course Delivery
in U.S. Higher Education – Past, Present and Future

R.L. Siegrist
Colorado School of Mines, Department of Civil and Environmental Engineering, Golden, 
Colorado 80401-1887, USA.   siegrist@mines.edu

Abstract: For nearly a generation now, the virtues and benefits of decentralized systems
for water supply and sanitation have been widely recognized and approaches, devices, and 
technologies have been advocated as critical components for a sustainable 21st Century. 
Yet, the principles and practices of modern decentralized systems have not been broadly 
incorporated into curriculum within U.S. higher education. The vast majority of 
undergraduate and graduate students have not had access to semester-long courses focused 
on decentralized systems that serve as electives or required courses for juniors/seniors and 
graduate students. To date, only a few universities have been successful in developing 
semester-long courses that have been sustainably delivered. For example, an engineering
course was developed and has been delivered for more than a decade at the Colorado 
School of Mines and a textbook, slide set and solutions manual were recently published.
This paper describes past and present activities and outcomes related to higher education
concerning decentralized wastewater systems engineering and highlights lessons learned.
It also describes potential impediments that need to be overcome to enhance course
development and delivery across a greater number of universities in the United States and 
potentially elsewhere.

Keywords: Onsite and decentralized wastewater systems, water reclamation and reuse

INTRODUCTION

In the United States, systems for water supply and sanitation evolved during the 20th Century 
in response to a growing recognition that providing safe drinking water and adequate 
treatment of wastewaters were needed to protect public health and preserve water quality. 
During this evolution there was always a mix of 1) onsite systems serving individual homes 
and businesses in rural and peri-urban areas, 2) decentralized systems serving suburban 
residential and mixed-use developments, and 3) large to very large centralized systems 
serving densely populated urban areas. However, the relative proportion of the U.S. 
population and development served by the different system types has varied and evolved over 
time. With respect to sanitation, by the end of the 20th Century about 25% of the U.S. 
population was served by onsite and decentralized wastewater systems (hereafter referred to 
collectively as decentralized systems) and approximately 35% of new development was being 
supported by such systems. This amounted to roughly 25 million existing systems with about 
200,000 new systems being installed each year.   

Near the end of the 20th Century and into the 21st, a series of activities and events in the 
United States helped catalyze a reevaluation of how systems for water supply and sanitation
could be made more sustainable and what role decentralized systems might play (USEPA
1997, WERF 1999, Siegrist 2001, Tchobanoglous 2002, Daigger 2008, WERF 2009). There 
was growing interest in how decentralized systems could contribute to sustainability by: 1) 
reducing the use of drinking water to flush toilets and transport waste to centralized treatment 
plants, 2) preventing pollutant discharges from collection system sewer overflows and leaking 
pipes, 3) recharging water near the point of water extraction and avoiding water export and 
depletion of local water resources, 4) enabling recovery and reuse of wastewater resources 
including water, organic matter, nutrients and energy, 5) lowering consumption of energy and 



chemicals, and reducing greenhouse gas emissions, and 6) providing systems that would be
more robust and resilient to natural disasters and climate change. There was also a growing 
awareness that decentralized systems were critical to providing safe drinking water and 
adequate sanitation in developing regions of the world.  

During this period there was also a growing recognition in the United States that the 
capabilities of 21st Century decentralized systems should not be judged based on the 
performance of older 20th Century systems. The older systems (e.g., cesspools, seepage pits, 
leachfields, septic systems) were typically designed to be simple and cheap methods of 
wastewater disposal. During the latter decades of the 20th Century, increased water use and 
wastewater generation and more widespread use of disposal-based systems in a growing 
suburban America, contributed to occurrences of hydraulic malfunctions, groundwater
contamination, and surface water quality deterioration. To properly distinguish and refer to 
these older disposal-based systems, they became known as ‘legacy systems’. In contrast to the 
legacy systems, modern decentralized systems can be designed for effective treatment as well 
as resource conservation and recovery.

Based on major research and development efforts over the past two decades or more, modern 
decentralized systems have evolved to include a growing array of approaches, devices and 
technologies (Figs. 1 and 2) that can be used to serve buildings and developments with design 
flows of less than 0.40 to 400 m3/day or more. Common and emerging applications within the 
United States include one or more of the following purposes: 1) to provide effective 
wastewater treatment for homes and businesses in rural and peri-urban areas and residential, 
commercial and mixed-use developments in suburban areas, 2) to provide effective 
wastewater treatment for buildings and developments while also producing a reclaimed water 
for nonpotable reuse purposes such as toilet flushing or irrigation, 3) to recover valuable 
wastewater resources including nutrients, organic matter, and energy, and 4) to earn points for 
a green building or sustainability rating through the low impact water and wastewater 
management options enabled by decentralized systems.

Given the evolution of decentralized system approaches, devices, and technologies in the 
United States, it is necessary and appropriate to question if and how curriculum in higher 
education has evolved to help educate undergraduate and graduate students who have or will 
become design professionals and decision makers of the future.  This paper describes past and 
present activities and outcomes in higher education focused on decentralized systems 
engineering and it highlights lessons learned. Potential impediments to course delivery at 
more universities are presented along with recommendations to enhance future course 
development and sustained delivery within higher education. While the focus of this paper is 
on U.S. higher education the information presented is potentially relevant to other countries. 

COURSE DELIVERY IN U.S. HIGHER EDUCATION – PAST AND PRESENT

During the 20th Century, in U.S. higher education the curriculum concerning wastewater
systems engineering was predominantly focused on the design and operation of wastewater 
collection systems and centralized treatment plants for cities and other urbanized areas. 
Education concerned with decentralized systems was also available but to a very much lesser 
extent, particularly within higher education (Table 1). In some respects this is not surprising 
since Federal research and educational funding was focused on centralized wastewater 
systems and that is where jobs and careers were most widely available for university 
graduates.  

Recognizing the need for enhanced education and training, the Consortium of Institutions for 
Decentralized Wastewater Treatment (CIDWT) carried out a project during the early 2000s to 



develop educational materials, including modules to support university curriculum (Gross et 
al. 2005, CIDWT 2014). The target audience included 3rd- and 4th-year engineering students. 
The materials developed did facilitate delivery of one or more modules within current course 
offerings and provided a starting point for development of a stand-alone course.

To get an impression of how higher education has evolved into the 21st Century, Siegrist 
(2014) completed a survey of faculty at 27 universities across the United States to determine
the number of universities delivering a semester-long course focused on decentralized systems 
engineering as an elective or requirement in one or more degree programs. A summary of the 
results of that survey is presented here while details may be found in Siegrist (2014). 

Fig. 1. Examples of decentralized system components:  a. urine diverting toilet, b. septic tank and 
pump vault, c. small diameter sewer, d. primary settling and recirculation fiberglass tanks, e. aerobic 
treatment unit, f. recirculating textile media biofilters, g. recirculating foam filter in a shipping 
container, h. membrane bioreactor, i. subsurface flow constructed wetland, j. chamber-equipped 
subsurface soil treatment unit, k. landscape drip dispersal unit, l. denitrifying wood chip biofilter, m. 
ultraviolet light disinfection unit (Siegrist 2017). 

Fig. 2. Generalized sequence of strategies and unit operations that could be used to configure 
one or more viable decentralized systems for a particular project (Siegrist 2017). 



Table 1. Highlights of current U.S. higher education concerned with decentralized systems. 
Activity Description

Education and 
training of 
practitioners and 
regulators and 
potentially 
students

Professional organizations and universities offer short courses and training sessions. For 
example, the National Association of Wastewater Technicians (NAWT) provides installer 
training, operation and maintenance training, and inspector training and certification. The 
National Onsite Wastewater Recycling Association (NOWRA) and state organizations, 
often affiliated with NOWRA offer annual conferences and education and training in these 
areas. Universities also offer continuing education courses for practitioners and regulators 
(e.g., Univ. of Minnesota, Univ. of Rhode Island, North Carolina State Univ.) and in some 
cases students can sit in on a course.

Education of 
university
students outside 
of a course

Outside of a stand-alone course, university-level education occurs through student research 
experiences and attendance at seminars, guest lectures, short courses, and conferences. 
Relevant educational experiences also occur through senior design projects and
participation in projects sponsored by Engineers Without Borders or other organizations.  

Education of 
university 
students in a 
stand-alone
course

Siegrist (2014) conducted a survey of faculty at 27 U.S. universities and reported that 
many universities had some aspect of their undergraduate and graduate curriculum that 
addressed decentralized systems. However, of the 27 universities surveyed, only a few had
sustained delivery of a stand-alone course focused on decentralized systems (e.g., 
Colorado School of Mines, Univ. of Wisconsin, Univ. of Washington, Univ. of Arizona). 

Today many U.S. universities have some aspect of their undergraduate and graduate 
curriculum that addresses decentralized systems. This typically involves mentoring of 
students involved in research or delivery of one or several lectures on topical areas of interest 
to a faculty member within other undergraduate or graduate courses (e.g., within courses on 
water supply and wastewater treatment). In a few cases, lectures on decentralized water and 
wastewater systems have been delivered in courses within specialty programs (e.g., a Water 
and Sanitation for Health (WASH) program). Some students also receive relevant education 
through projects sponsored by Engineers Without Borders (EWB) or other aid organizations.  

At a few universities serious efforts have been made during the past decade to develop new 
courses focused on decentralized systems. In some cases course development was started but 
for various reasons, the course did not get fully developed and established and never became a 
routine offering (e.g., Michigan State University). In some cases a course was developed and 
approved for routine delivery, but after it was delivered once or a few times, it was no longer 
offered (University of Arkansas, University of Tennessee). This was often the result of the 
faculty member responsible for the course having to deal with other demands or because 
he/she left the university. At a number of universities, a faculty member has had an interest in 
developing a course but has not yet had the time or resources to do so.   

A few universities have developed and sustained stand-alone courses focused on decentralized 
systems. These courses are generally offered within Agricultural and Biosystems Engineering 
(ABE) or Civil and Environmental Engineering (CEE) although they are often cross-listed in 
other departments (e.g., Soil Science, Natural Resources Science, Water Resources 
Management). Some courses are delivered through classroom lectures complemented by 
laboratory or field sessions (e.g., Colorado School of Mines (CSM), University of Wisconsin,
University of Washington) while others are delivered as online courses (e.g., University of 
Arizona). Courses that are housed in engineering departments or programs generally satisfy 
ABET criteria (ABET = Accreditation Board for Engineering and Technology).  

Developing a semester-long course focused on modern decentralized systems, which would 
be successfully and sustainably delivered is a necessary and appropriate goal for higher 
education in the United States and elsewhere. However to achieve this goal it can take a major 
effort under the right circumstances. To illustrate the process and level of effort involved, this 



section describes a course that was developed by Prof. R.L. Siegrist (author) at the Colorado 
School of Mines in Golden, Colorado. This semester-long course was developed as an 
extension of the Small Flows Program, a research program focused on advancing the science 
and technology of decentralized systems (Siegrist et al. 2013). This course has been offered 
every year for the past 12 years and some of the lessons learned are summarized in Table 2. 

The course at CSM was developed over several years and offered for the first time during the
spring semester of 2006 as a ‘special topics’ course within the Environmental Science and 
Engineering Division (ESE). The course number and name were ESGN498A–Onsite 
Wastewater Reclamation and Reuse and it was offered as a 3-credit course available to juniors 
and seniors as well as graduate students. The course was scheduled with 75-min classroom 
periods on Tuesday and Thursday afternoons during a 17-wk spring semester and 9 students 
enrolled. The course was offered again during the spring semesters of 2007 and 2008 under 
the same circumstances and 7 and 15 students enrolled, respectively. During the first three 
deliveries the course was very well received and in early 2008 it was officially approved by 
CSM for continued delivery as ESGN460–Onsite Water Reclamation and Reuse. Since 2009
the course has been offered at least once each academic year and enrollments have ranged 
from 15 to 30 students with roughly 1/3 of those being graduate students and 2/3 being junior 
and senior undergraduate students. Due to a university reorganization where ESE was merged 
with Civil Engineering to form a new Department of Civil and Environmental Engineering 
(CEE), the course was renumbered as CEEN472 for spring 2014. During the 2015 academic 
year, another faculty member took over course delivery. The course continues to be an 
elective within several CSM degree programs including: Environmental Engineering Science
(EES), CEE, Hydrologic Science and Engineering (HSE), and Humanitarian Engineering 
(HE). CEEN472 course outcomes have been mapped against ABET (a) through (k) outcomes. 

While the breadth and depth of coverage has evolved, the course has remained focused on the 
engineering of decentralized systems for rural and urban settings that can achieve effective 
wastewater treatment as well as resource conservation and recovery goals. Topics covered 
include: decentralized system selection and planning, contemporary water use and wastewater 
generation, water use efficiency and waste stream source separation, alternative collection and 
conveyance, treatment using tank-based units (septic tanks and anaerobic units, aerobic units 
and biofilters, membrane bioreactors) and natural landscape units (constructed wetlands, 
subsurface infiltration, landscape drip dispersal), treatment for nutrients and pathogens, and 
management of process solids, sludges and residuals. To aid course delivery a set of slides 
and notes were prepared and along with other reference materials and these were made 
available to students enrolled in the class. These course materials evolved and were used as 
the basis for a textbook, Decentralized Water Reclamation Engineering, which was published 
in 2017 (including a downloadable set of slides and a problem solutions manual) (Siegrist 
2017). Learning has typically been assessed through five design problems, two examinations, 
and a class project (which includes a written report and oral presentation). Students normally 
complete the design problems and class project in teams of 2 to 4 students each but the exams 
are completed individually.

COURSE DELIVERY IN U.S. HIGHER EDUCATION – FUTURE?

It is likely that educational activities will continue in U.S. higher education consistent with the 
nature and extent of past efforts and activities (Table 1). However, it is uncertain how many 
U.S. universities will begin to offer courses that are focused on decentralized systems 
engineering and where the courses are electives or requirements for one or more degree 
programs. Expanding the number of universities offering successful courses is essential to 
realizing the potential benefits of decentralized systems in the United States and elsewhere.  



Table 2. Observations and lessons learned based on a decade of delivery of a semester-long 
course on decentralized systems engineering at CSM (after Siegrist 2014). 

Area Observations, lessons learned and recommendations
University and 
department 
context and fit

An interested faculty member needs to consider the mission of the department and its degree 
programs, and how a new course focused on onsite and decentralized systems could “fit in” 
to areas of emphasis or concentration. 

Faculty lead An inspired faculty member needs to champion the course, develop it and get it approved,
and deliver it several times to help establish it as a needed and valued course offering. A
faculty member or group that has an active research program in areas relevant to onsite and 
decentralized systems can greatly enable development and delivery of a well-received and 
well-enrolled course. Early on, a 2nd or 3rd faculty member should become engaged in 
supporting and delivering the course. Adjunct faculty can also make valuable contributions.

Course 
purpose and 
scope

A stand-alone course can cover different aspects of onsite and decentralized systems that 
are targeted for the U.S. and similar industrialized nations, but also have wide applicability 
in the developing world. The scope should cover key topics spanning the source character 
and modification, treatment unit operations, and selection and design of resource-efficient 
recovery/reuse approaches and systems. In my view, a course should be an engineering 
design course and go beyond a conceptual description of approaches and technologies to 
one of engineering principles and processes and system selection and design. In general a 
course worth 3-credits is reasonable and appropriate.

Regulatory 
issues

System selection and design covered in the course should not be unduly constrained by 
current regulations and requirements, though students should be informed about the role 
they play in real-life projects. Students should be made aware of prescriptive vs. 
performance-based design.

Course title 
and mode of 
delivery

A course title should be carefully developed to reflect contemporary and future issues and 
concerns and to stimulate faculty and student interest in the course and its content. 
Depending on course purpose and scope, the mode of delivery needs to be determined. 
There are pros and cons to classroom versus online delivery modes.  

Target 
audience and 
enrollment

A mix of juniors and seniors plus graduate students seems to work well.  Students pursuing 
degrees in many disciplines in science and engineering can contribute to, and benefit from, 
an onsite and decentralized systems course. An optimum enrollment seems to be in the 
range of 15 to 25 students.

Pre-requisites Students need to have an introduction to environmental science and engineering that covers 
the basics of environmental chemistry and biology, mass balances, water supply and water 
and waste treatment technologies. Due to time limitations, basic science and engineering 
subjects cannot be covered during a course focused on engineering of onsite and 
decentralized systems.

Credible and 
rigorous
delivery

The course materials and delivery should be commensurate with the intellect and creativity 
of the students enrolled and on par with other science and engineering courses offered at a 
similar level. Terminology matters and precise and consistent use is important across the
different topics covered. Introducing unit process and design equations as well as modeling
tools is important to convey the degree of understanding and rigor underlying the subject. 
Educating students on when and how to acquire necessary and appropriate information 
(including parameter estimation) that enables system selection and design is very important.

Guest lectures 
and field trips

Guest lectures by practitioners and design professionals are almost always well received by 
students and help reinforce material covered in class as well as enlighten students about the 
complexities of real-world projects.  Field trips to operating systems are good but have 
certain logistical and timing issues.

Work 
requirements
(and learning 
assessment)

Assigning design problems to be done in teams of 2 to 4 students is well received and 
provides a good learning experience for students.  Making the design problems realistic and 
challenging is important but requires time and effort both to develop and grade.  Using a 
development complex on or near campus that the students are familiar with can help elevate 
the students’ interest in the design problems assigned and enable clear comparisons of 
approaches or technologies.  A class project done in a team and which results in a written 
report and an oral presentation is well received by most students and clearly valuable to 
their learning.



To enable the sustained delivery of a semester-long course in decentralized systems at a 
particular university in the United States and potentially elsewhere, there are potential 
impediments that may need to be overcome. Some of these potential impediments are tied up 
in the specific circumstances at a particular university such as: 1) having a tenure-line faculty 
member who has expertise and a passion for the topic and the time and support to develop and 
establish a course(s), 2) having a receptive administration that will recognize the value and 
need for a course and support sustained delivery of it, 3) having credit-hour space in one or 
more degree programs to make the course a valued elective or requirement, 4) stimulating 
interest in the course, attracting an adequate number of students to enroll in it, and getting 
high course reviews, and 5) having other faculty become actively involved in course delivery.
Beyond these five impediments, two other general impediments include: 6) systemic changes 
that are needed in the field to help increase student job and career opportunities and 7) greater
access to textbooks and associated materials to aid course development and enhance course 
delivery (Table 3).  

Course development does take a major effort by one or more faculty members over a period 
of time under the right circumstances. To facilitate course development and delivery, faculty 
can take advantage of the experiences at other universities (e.g., Table 2) and the growing 
base of resources available (e.g., Gross et al. 2005, Gaulke et al. 2008, Strande al. 2014, 
Siegrist 2017). To improve the likelihood of successful and sustained course delivery, faculty 
can develop a course to serve degree programs in multiple departments on campus (e.g., CEE, 
HSE, HE) as this can help garner administrative support and build student enrollments.

Table 3. Need for systemic changes and course development and delivery aids to support U.S. 
higher education focused on decentralized systems. 

Area Description of potential impediments to more widespread course delivery
Systemic changes 
can help create 
jobs and careers 
which require 
higher education

Modern systems need to be differentiated from legacy systems and legacy system 
performance should not cloud 21st Century views. Modern 21st Century systems are 
designed for effective treatment, water reclamation, and resource recovery. Similarly, 
legacy terminology should not misrepresent 21st Century systems. For example, we could
use “Water reclamation and reuse” NOT “Wastewater treatment and disposal”.
Existing regulations and requirements are often based on 20th Century understanding and 
experiences, often with legacy systems, and they are often prescriptive, constraining and 
very conservative. In the 21st Century, modernized regulations and requirements will help 
facilitate creative engineering to realize the full benefits of decentralized systems. 
More sustainable funding is needed. Course offerings would grow if there were greater 
sustained funding at the national, state and local level, including: grants for research and 
student fellowships and traineeships and funding for new infrastructure construction and 
rehabilitation of aging infrastructure. 

Modern course 
development and 
delivery aids are 
needed

Decentralized Water Reclamation Engineering (Siegrist 2017) is one example of a 
contemporary textbook available in eBook and hard cover versions that also includes a 
solutions manual and comprehensive slide set. Other course development and delivery 
aids are also available (e.g., Gross et al. 2005, Gaulke et al. 2008, Strande al. 2014).

CONCLUSIONS

The virtues and benefits of decentralized systems have been widely recognized and 
approaches, devices, and technologies continue to be advanced and promoted for widespread 
use across the United States and abroad. Yet, the principles and practices of modern 
decentralized systems have not been broadly incorporated into curriculum within U.S. higher 
education. Among the thousands of U.S. universities, only a few have so far been successful 
in developing and incorporating semester-long courses that are focused on engineering of 



decentralized systems. As noted in this paper, there can be several impediments that may need 
to be overcome to enable more widespread delivery of decentralized systems courses in higher 
education. Realizing this outcome is critical to help educate the next generation of 
undergraduate and graduate students so they can become properly informed design 
professionals and decision makers.   
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Introduction

Historically there has been a disposal mentality towards the treated effluent from on-site 
systems (Siegrist et al., 2007). The ability to recycle water in-situ from on-site systems is 
technically and economically feasible; especially for garden irrigation (Lesikar et al., 1998).
Recycled water must be ‘fit for purpose’; that is, it must pose no undue risk to public or 
environmental health when it is used to perform a task (Ohgaki and Sato, 1991). Nitrogen is 
an identified risk in water recycling. However on-site and decentralised water recycling is 
predominately into soil, so the nitrogen risks have been traditionally more concerned with 
run-off or leaching into waterways rather than direct injection into a water body (Naji, 2006).
Two contaminants of concern that are prevalent in most recycled waters, and a specific risk to 
the soil environment are salinity and sodicity (Toze, 2006). The concentration of all salts 
present in a soil or water is the definition of salinity (VanDeGraaff and Patterson, 2001).
Sodicity can be defined as when sodium is the dominant cation in a soil or a water (Asano et 
al., 2007). Most on-site wastewater treatment technologies cannot treat salinity and sodicity
risks as they do not reduce the amount of sodium ions or lower the concentration of salts in 
the water. Sodium removal and salinity adjustment is possible through the cation exchange 
processes of certain volcanic rocks; zeolite and scoria (Kele, 2005). This study investigates 
how media filter using volcanic rocks can improve nitrogen removal, and lower the sodicity 
and salinity risk of on-site recycled water. 

Material and Methods

Columns studies were conducted with different types of zeolite and scoria using both a real 
and a synthetic wastewater. The volcanic filter media underwent geochemical analysis using 
X-ray fluorescence spectrometry on fused bead samples. The performance of each filter media
was assessed in relation to nitrogen species removal, changes in sodicity risk (sodium,
calcium, and magnesium concentrations), and the impact on hydraulic retention time.

Results and Discussion

The geochemical data showed differences between each of the volcanic media. The scoria 
data also indicates that the silicon-aluminium framework found in zeolites may not be present 
in the same format/structure as in zeolite due to the differences in silicon concentration. All of 
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the volcanic media did cation exchange and have impact on the total nitrogen concentration,
the sodicity, and the salinity. In Figure 1, the column trials using black scoria and the nitrogen 
species data is shown. The reduction in total nitrogen (TN) and total Kjeldahl nitrogen (TKN) 
started to occur very quickly. At the 9 hour mark some nitrogen transformation began to occur 
with the formation of NH3. 

Figure 1. Variation of Nitrogen species concentration during a 24 hour trial with Black Scoria 

The sodicity of the effluent was reduced by the media cation exchanging the sodium out of 
solution and replacing it with calcium and magnesium ions. All five volcanic media could 
reduce the sodicity and the salinity risk of the real and synthetic wastewater.
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Introduction

Since its discovery in the early 1990s the anaerobic ammonia oxidation or in short anamaox 
process has gained significant attention. In comparison to the standard approach, nitrification-
denitrification, the combination of anammox with partial nitritation (PNA) provides two mayor 
advantages: a reduced oxygen demand and the independence of availability of easily accessible 
BOD (Jetten et al. 1997). Generally the applied processes can be divided into two categories
(Jaroszynski and Oleszkiewicz 2011, Lackner et al. 2014): two step processes where nitration 
and anammox occur in two separate reactors and single stage processes working in a sequential 
mode (SBR). The later has the advantage of being a single unit process of technical simplicity. 
The sequential operation of the two processes in a single reactor leads to lower pH fluctuations 
resulting in a typical pattern of the pH course which can be used for process control (Wett,
2007). Further, adequate sequential execution, as performed in single-stage systems, avoids 
accumulation of inhibitors (nitrite and ammonia) whereas in two stage-systems high 
concentrations occur in the outflow of the nitritation stage making process disturbance more 
likely. However, the disadvantage is that reaction conditions periodically switch from being 
either favourable for nitritation (aeration phase) or for anammox. In consequence, the 
volumetric turnover rates are typically inferior to two stage processes. The approach chosen 
here tries to combine the advantages of both types of reactors by the installation of a semi-
permeable barrier made of mesh material. By such means two separate reaction zones, aerated 
and non-aerated, can be maintained. At the same time the permeable mesh allows passage of 
dissolved ions and such a balancing of the different pH levels as well as the rapid transfer of 
the produced nitrite. Although, woven or non-woven filter cloths are already applied in 
wastewater treatment e.g. for separation in filter presses or belt filters, removal of fine 
suspended solids for effluent polishing or even for biomass retention (Grabbe et al. 1998, Fuchs 
et al. 2005) the idea of using mesh filters to establish two different reaction zones for compact 
deammonification systems has not been studied yet. The present study describes the 
investigation and optimization of the described approach in a 13 L lab reactor and in 375 L pilot 
scale system. The goal was to investigate the performance and stability of the development for 
the application at smaller activated sludge plants with limited personnel capacities.
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Material and Methods

The investigations were carried out at a 13 L reactor system and a 375 L pilot scale system. 
Both systems were run in continuous mode. Both reactors had a mesh separated nitritation and 
anammox compartment (double chamber) with different geometry and volume to mesh surface 
ratios. Aeration control was based on fixed pH including acid/base dosing and pH variation 
within a narrow bandwidth, respectively. Additionally, a second 375 L pilot single chamber 
SBR was operated to compare the performance of the new reactor design to standard 
configuration as it is present at many full scale deammonification plants. The systems treated 
digester supernatant from two activated sludge plants (500 - 1.400 mg/L NH4-N). The inoculum 
was PNA biomass from a 500 m3 single-stage side stream deammonification plant.  Reactor 
performance was monitored using standard lab analyses for nitrogen, inorganic and and organic 
carbon parameters with additional monitoring of the anammox activity. In order to evaluate the 
system stability and the performance of the control concept, several additional experiments (e.g. 
alkalinity variation) were carried out.  

Results and Discussion

Both systems reached stable operation after a start-up period of one month. The performance 
of the 13 L reactor reached an almost complete reduction of ammonia and a total nitrogen 
elimination between 80% and 85% at a maximal volumetric loading rate (VLR) of 1.5 kg N m-

3 d-1. The 375 L pilot system reached comparable degradation rates at maximal VLR of 0.7 kg 
N m-3 d-1. Differences in the performance can be attributed to the different control strategies as 
well as the influent characteristics. Additionally, the volume to mesh surface area impacted the 
transfer of process intermediates. The treatment performance of the 375 L standard SBR setting 
showed comparable results (Figure 1), however higher variations in effluent concentrations. In 
comparison to the standard SBR configuration, the mesh separated double chamber system with
continuous flow and the simple control concept showed higher stability at lower operational
efforts. 

Figure 1. Comparison of ammonium and total nitrogen removal for the mesh separated two chamber 
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reactor (black) and the single chamber SBR (red). 
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Abstract: This work presents the successful upgrade of a small sewage treatment woks
consisting of rotating biological contactors (RBCs) and constructed wetlands (CWs). The 
site was struggling to meet its NH3-N permit due to variable loads and population increase 
in the catchment. Investment was focused on controlling inlet flows, refurbishing and 
upgrading CWs with an aeration system, and incorporating a balancing tank with an 
intelligent control system.

The site performed well below the 10 mg/L permit during Winter, even during periods of 
sustained wet weather. The site also kept below the 5 mg/L permit during Summer when
RBC effluent concentrations increased over the detection limit of the monitoring 
instrument (20 mg/L). Although a few NH3-N spikes still occurred during periods of low 
flow, the site remained within compliance on a 95%ile basis. Tankering was not required 
during 2016.

Upgrade with aeration system allows CWs to perform above their original design capacity. 
The intelligent control system is able to provide longer time for the treatment process to 
treat strong loads and can now give early warning if tinkering operations are required. This 
is a successful integration of low cost technologies with intelligent control systems while 
reducing investment and operational costs.

Keywords: Nitrogen, Rotating Biological Contactors, Constructed Wetlands, Small 
Works, Aeration. 

INTRODUCTION
In order to achieve a good ecological status as required by the Water Framework Directive, 
several sewage treatment works (STWs) will require upgrading in order to discharge NH3-N
levels lower than 5 mg/L into the receiving waters (Pearce, 2013). The main challenge is to 
maintain or improve the treatment performance of STWs without causing an excessive 
increase in energy usage or costs. This is particularly challenging for small STWs serving less 
than 2,000 population equivalents (PE) as they employ technologies with low energy, 
operation and maintenance requirements (Butterworth et al., 2016). 

This work presents the case study of a small STW which required investment in order to 
comply with its NH3-N permit. Blymhill is a small STW located in Staffordshire (West 
Midlands, England) overloaded due to population increase in the catchment (from originally 
design of 440 to 551 PE) and the increasing events calendar at Weston Park which is a local 
hotel and conference centre, estimated to receive 400 PE from visitors, doubling the load to
the works particularly during weekends and holiday periods. Once a year, a famous music 
festival (V-Festival) is also held within the site’s catchment attracting thousands of visitors to 
the local bars and hotels. 

Population increase over the original design capacity has resulted in the site struggling to 
meet its NH3-N permit (5 mg/L Summer; 10 mg/L Winter on a 95%ile basis). Sanitary 



compliance was kept on site by tankering all flows away from the works during vulnerable 
periods at an average cost of 52,000 €/year; an unfavourable long term solution. 

The standard solution for the site would have involved the construction of an additional 
integral Rotating Biological Contactor (RBC) and additional Constructed Wetland (CW)
surface area. The preferred option however, considered refurbishment of the existing works 
and the implementation of an intelligent control system that relies on a final effluent NH3-N
monitor. The rational for this option was to optimize existing RBCs and CWs residual asset 
life while reducing significant project costs (up to a third of the standard solution).  

This work summarizes the findings from operation at Blymhill STW since late 2015, after 
refurbishment of the existing works. 

MATERIALS AND METHODS 
Site Description pre refurbishment

The original design of the existing works at Blymhill STW (Fig 1) is about 25 years old, and 
was designed to cater for a design population of 444 PE. Increasing population in the 
catchment resulted in the works being hydraulically and organically overloaded and 
depending on non-compliant effluent being tankered away in order to avoid pollution of the 
nearby Lincoln Brook.

Existing works pre refurbishment consists of an inaccurate inlet flow split that feeds 2 
similarly sized RBCs with storm overflows, a combined maximum hydraulic capacity of 7 L/s 
and a disc area of 8,880 m2. The RBCs are hydraulically and organically overloaded with 
respect to the increased design population of 844 PE by non-resident domestic load. 

Storm flows and RBC effluent are combined ahead of the 3 CWs which have a combined 
surface area of 588 m2. The CWs are also undersized for the design PE and as such they suffer 
with overloading, blocking, reed mortality and subsequently poor performance. 

An inaccurate flow split distributes the flows to CWs of different surface areas. CW1 is fed by 
gravity, whereas a pumping station pumps flows into CWs 2 & 3.  

A 36 m3 legacy storage tank is used on site to divert all flows from the pumping station for 
subsequent tankering in case of pollution. This storage volume allows for about 3.5 h onsite 
storage at 15 L/s. Non-compliant effluent was tankered away on 91 out of 267 days monitored 
between July 2011 and June 2012. 

There is an abandoned clarifier with a volume capacity of 90 m3.



Figure 1. Process Flow Diagram of existing works at Blymhill STW pre refurbishment.

Site Description after refurbishment

Refurbishment of existing works consisted of (Fig 2): 

New modulating penstock and flow measurement at the inlet works. This installation
now limits the flows to the RBCs to 7 L/s. Flows greater than 7 L/s are now sent to a
new balancing tank.

Refurbishment of CWs and upgrade with a new aeration system.

New flow split arrangement to CWs.

Conversion of existing clarifier into a balancing tank that receives overflows from the
new inlet works during storm conditions or crude sewage as controlled by the NH3-N
monitor in the Final Effluent (FE).

The intelligent control system required the installation of actuated valves to divert crude
sewage flows to either the treatment process or the balancing tank depending in the
NH3-N concentrations measured by the monitor in the FE. When NH3-N concentrations
in the FE exceed 50% of NH3-N permit, the crude sewage is directed to the balancing
tank by closing the RBC inlet actuators. Once the NH3-N monitor indicates that the site
is within permit, it allows the flows to pass through the RBCs and back into the reed
beds resuming the original treatment process.

Diversion also gives operators remote early warning if tankering operations are likely to
be required. (Green, 2016).



Figure 2. Process Flow Diagram of existing works at Blymhill STW after refurbishment.

RESULTS AND DISCUSSION
Figures 3 and 4 show flows and NH3-N trends at Blymhill STW during the Winter periods. 
NH3-N concentrations in the RBC effluent seem to be strongly related to flow conditions. 
Maximum RBC effluent NH3-N concentrations were registered during periods of lower flows. 
Dry weather condition periods result in lower infiltration in the network, lower dilution of 
sewage and stronger loads into the RBCs. Overall, higher RBC effluent NH3-N concentrations 
during the Winter period 2016-17 (Fig 4) could be attributed to drier weather when compared 
to the previous Winter 2015-16, that resulted in lower flows and higher incoming loads.  

Figure 3. Flow values (L/s) and NH3-N concentrations (mg/L) at the RBC effluent and FE



during the first Winter period (25th Nov 2015 – 31st Mar 2016; NH3-N permit 10 mg/L) after 
refurbishment. 

Figure 4. Flow values (L/s) and NH3-N -N concentrations (mg/L) at the RBC effluent and FE 
during the second Winter period (1st Oct 2016 – 31st Mar 2017; NH3-N permit 5 mg/L) after 
refurbishment. 

The site is now within permit during periods of high flows. The new inlet works now limit 
flows to the RBCs according to their hydraulic capacity. Flows greater than 7 L/s are sent to 
the balance tank and, in periods of sustained wet weather, balance tank effluent is sent directly 
to the aerated CWs.This results in low NH3-N concentrations in the RBC effluent due to 
diluted incoming NH3-N loads, and in slightly higher NH3-N concentrations in the FE due to 
bypassing of RBC units. 

Final Effluent (FE) NH3-N concentrations were well below the Winter permit of 10 mg/L. 
The aerated CWs have been able to sustain an active community of nitrifying bacteria to cope 
with RBC effluent concentrations even when they went above 20 mg/L NH3-N in periods of 
low incoming flows (Fig 4).

Figures 5 and 6 show flows and NH3-N trends at Blymhill STW during the Summer periods. 
Sustained dry weather conditions resulted in lower incoming flows and higher loads. It is 
possible to see increasing RBC effluent NH3-N concentrations that decrease suddenly after a 
wet period likely due to load dilution and flushing of remaining load within the RBCs (Fig 5). 
RBC effluent NH3-N concentrations continue increasing until reaching values above the 
detection limit (20 mg/L) of the monitoring instrument.  



Figure 3. Flow values (L/s) and NH3-N concentrations (mg/L) at the RBC effluent and FE 
during the first Summer period (1st Apr – 31st Sep 2016; NH3-N permit 5 mg/L)  after 
refurbishment. 

Despite high RBC effluent concentrations, the site is within permit during sustained dry 
weather periods. In the case that NH3-N concentrations in the FE exceed the action limit of 
2.5 mg/L (50% of the Summer permit), the inlet flows are directed to the balancing tank by 
closing the RBC inlet valves. This allows the RBCs and aerated CWs more time to treat the 
sewage, attenuating the NH3-N concentrations in the final effluent. 
Although a few NH3-N spikes still occurred during periods of low flow, Blymhill STW 
remained within compliance, with FE NH3-N concentrations below the Summer permit of 5 
mg/L on a 95%ile basis. 

Figure 4. Flow values (L/s) and NH3-N concentrations (mg/L) at the RBC effluent and FE 



during the second Summer period (1st Apr – 24th May 2017; NH3-N permit 5 mg/L)  after 
refurbishment. 

In the event that the site remains uncompliant the system alarms and calls for tankering to to 
intercept non-compliant flows. Whereas in the past tankering in Blymhill STW was 
performed routinely at significant average cost of 54,000 € / year, there has been no 
requirement in 2016. The reduction in need for tankering confirms the success of the works 
refurbishment and the incorporation of the intelligent control system to keep Blymhill STW 
within compliance.

CONCLUSIONS
The solution implemented at Blymhill STW allows the site to remain compliant throughout 
the year. RBCs continue providing treatment according to their original design capacity, but 
the aeration upgrade has resulted in the CWs being now able to reliably provide tertiary 
treatment above their original design capacity, even during periods with high NH3-N loads 
from the RBCs.  

The incorporation of balancing tanks has been key to provide treatment during periods of 
variable loads. During sustained wet weather conditions the site now diverts storm flows to 
the balancing tank, allowing RBCs and CWs to remain within their hydraulic design capacity. 
During sustained dry weather conditions when NH3-N concentrations exceed 50% of the 
permit in the FE, the site now diverts crude flows to the balancing tank, allowing longer time 
for the treatment process, and giving early warning if tankering operations are required.  

In summary, the present work shows the successful case study of the integration of low cost 
technologies with intelligent control systems to improve the treatment capacity of a small 
STW. This option has required up to a third lower investment than a standard one, and has 
reduced the need for tankering, resulting in an important reduction of operational costs. 
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Introduction

To date the via nitrite route is relatively easy to achieve for nitrogen removal from high nitrogenous 
wastewater such as anaerobic supernatant or landfill leachate. On the other hand, low strength 
wastewater such as municipal sewage requires more complex start-up methods. In fact, one of the 
most applied strategy for the inhibition of NOB bacteria (Nitrate Oxidising Bacteria) is the free 
ammonia concentration in the reactor (FA mg/l). The typical minimal NOB inhibition range observed 
in conventional plants is as low as 0.1-1 mgFA/l. Higher FA concentrations and NOB inhibition rate 
are obtained by controlling ammonia concentration, temperature and/or pH. However, in municipal 
wastewater treatment where ammonia concentration is low additional parameters need to be synergic 
to the FA concentration. Some authors (Kornaros et al., 2008) showed results to treat urban wastewater 
by FA inhibition but in SBR configuration process and not in continuous modality. Usually low sludge 
age or limiting concentrations of DO increase the NOB inhibition and wash-out. In addition, influent 
substrate is an important factor. In fact, the Ammonium Oxidizing Bacteria (AOB) with fast growth 
(r-AOB) are characterized by value of ammonia semi-saturational constant higher than the one of the 
AOB bacteria with slow growth (k-AOB) (Khan et al., 2016). For this reason, faster AOB growth is 
easily obtainable in presence of high concentration of ammonia and is less common in urban 
wastewater. In this scenario, inhibition tests of biomasses of real urban wastewater treatment plant 
were carried out to identify the optimal operative process conditions for NOB inhibition. The results 
supported the design of the selector in the demonstration plant. 

Material and Methods

Real conventional activated sludge was daily collected from the municipal wastewater treatment plant 
of Falconara Marittima (Ancona, Italy) (80,000 population equivalent). Fifty batch tests were carried 
out in 8 L reactor. Free Ammonia in the range of 1.5-10 mgFA/l was applied to study the inhibition 
effect. The FA values were obtained by manipulating the following parameters: pH (7.5-9),
temperature (10-30°C) and ammonia concentrations (15-80 mgNH4-N/l). Each FA concentration was 
applied for different contact times from 0.5 to 8 hours. The MLSS ranged between 3000 and 8000 
mgMLSS/l. After each selective test the Ammonia Utilization Rate was measured for NO2-N and 
NO3-N productions. The optimal selective parameters were applied to design and operate the demo 
scale selector operated for about two years in real environment.
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Results and Discussion

The batch tests for the inhibition of NOB showed the crucial effect of the FA. In fact, incrementing the 
free ammonia (1.5-10 mgFA/l) the produced NO2-N percentages increased from 0% to 21%. 
Moreover, not specific effect in the nitrite production was found by changing the combination of the 
variables of the FA (pH, Temperature and Ammonia Concentrations). Therefore, not net priority cause 
was identified in terms of NOB inhibition. In this sense, the pH was detected as main control 
parameter for possible phase of scale up. Differently, double percentages of nitrites were detected at 
low MLSS concentrations (low SRT) by incrementing from 11±3% (3000 mgMLSS/l) to 22±6% 
(8000 mgMLSS/l). Differently, net differences were found at more elevated influent ammonia 
concentrations (30-80 mgNH4-N/l) in terms of kinetic rates. In fact, kn values up to 0.225±0.05 
kgNOx.N/kgMLVSS/d were obtained by demonstrating the possible speciation of r-AOB at higher 
substrate influent load. Finally, the effect of the contact time was demonstrated (Figure 1). In fact, 
elevated increment of NO2-N production could be obtained by working both at lower FA 
concentrations and longer contact time. Limit value of 400 mgFA/l/min was identified for inhibition of 
NOB. This operative approach (increment of contact time) does not determine variations of nitritation 
rates but causes the possible reduction of reagents in the scale up phase. The data was elaborated in 
multivariate analysis and used to design the selector in demonstrative scale.

Therefore, the start up in demonstrative 
scale was realized by initial inhibition 
selector and set the product FA x Contact 
Time at found limit value of 400 
mgFA/l/min. The main influent and effluent 
macropollutants were analysed. Long time 
for stationary condition was need. In fact, 
nitrites percentages raised up to 20% after 4 
times of SRT (20 d). Moreover, slight 
increment of kn was identified up to 
0.150±0.02 kgNOx.N/kgMLVSS/d 
according to the batch tests. Finally, the 
gravitational behaviour of the biomasses 
was studied and the specific dose of 
reagents was  calculated to evaluate the
applicability of the proposed flow scheme.
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Introduction

Waste management often lags behind economic growth, especially in rapidly urbanising 
emerging countries (e.g. India and China). In many sub-urban areas which are remote from 
central collection, direct discharge of domestic wastewater into the river system is common,
resulting in contaminated surface water, elevated total nitrogen (TN) releases (Liu et al., 2013; 
Jin et al., 2014), and increased exposure to waterborne diseases (Graham et al., 2014; WHO, 
2015). Unfortunately, there is also a lack of affordable treatment options that can reduce both 
organic pollutants and emerging pathogens (e.g. antibiotic resistance bacteria). Decentralised, 
small-scale systems present a viable alternative (Massoud et al., 2009), but appropriate 
technologies need to be effective, inexpensive, and readily available to communities with 
under-invested wastewater treatment to improve water quality and community health. 

Denitrifying Downflow Hanging Sponge (DDHS) bioreactors that employ porous sponges and 
passive aeration to treat wastes are a promising option. Previous DHS reactors have proven
effective in removing carbon (C) and ammonia (NH3) (Uemura et al., 2010; Mahmoud et al., 
2011; Onodera et al., 2014), but display limited total nitrogen (TN) removal due to a design 
that fully exposes the system to air. Here, we developed a novel aerobic-anoxic DHS 
configuration that integrates a submerged anoxic sponge section and wastewater shunting, to
promote denitrification. The main results show reproducible, enhanced TN removal with 
increasing percent shunting. High-throughput quantitative PCR array also revealed substantial 
antibiotic resistance genes (ARGs) removal. Incidentally, a pilot-scale field trial to upscale the 
biotechnology is underway.  

Material and Methods

Quadruplicate bench-scale bioreactors (0.50 m tall x 0.14 m diameter PVC cylinders) were 
operated in parallel for 210 days. DDHS design includes 1) an upper hanging sponge layer 
exposed to air, to allow passive aeration for nitrification; and 2) a lower sponge layer, partially 
submerged by effluent from the preceding aerobic layer, to create anoxic conditions for 
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denitrification. The design assessed also includes a wastewater shunting that provides 
additional carbon to the lower layer to promote denitrification (see Figure 1).  

Figure 1. Schematic of DDHS bioreactors used in this study. 

Reactors R-S0, R-S10, R-S20 and R-S30 corresponding to four varying percent shunting (0%, 
10%, 30% and 40% by volume) from the total wastewater input were investigated to determine 
the optimum shunting amount for enhanced denitrification. Designated shuntings were
introduced directly to the anoxic sponge layers, bypassing the aerobic sponge section, while an 
equal organic loading rates (OLR = 0.4 kg COD/m3-sponge/day) were applied to all DHS units; 
R-S0 with no wastewater shunting was the control unit.

Antibiotic resistance gene (ARG) abundances of the influent and effluents across bioreactors 
were quantified using the high-throughput quantitative PCR (HT-qPCR) method, which can 
simultaneously screen 284 ARGs conferring resistance to major classes of antibiotics, and 
exemplar mobile genetic elements (MGEs) consisting 8 transposases and two Class 1 associated 
integron-integrase gene (intI), as previously reported (Su et al., 2015). 

Results and Discussion

The new DDHS design showed COD and NH3 removal rates were consistently > 79% and > 
84%, respectively for all reactors; and a discernible increase in TN removal in parallel with the 
increased wastewater shunting to the anoxic sponge layers (Figure 2A). Statistically significant
TN removal occurs in R-S20 and R-S30 (paired t-test; p < 0.05). While COD and NH3 removal 
resembled typical removal rate in DHS-type reactor, DDHS design promotes denitrification as 
a result of enhanced anoxic conditions and supplementary carbon source from the shunted 
wastewater into the submerged sponge core. Increased shunting has positive influence on TN 
removal as reflected by the significantly reduced NO3

- levels in R-S20 and R-S30. This is 
further supported by the COD levels in the final effluent whereby only a slight difference exists 
across reactors despite untreated COD being shunted into the submerged sponge layer. The 
final TN concentration in R-S30 was close to satisfying the EU effluent guidelines of 10 mg-
N/L, and did satisfy the Chinese standard of 15 mg-N/L.
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DDHS reactors were generally effective at reducing ARGs (see Figure 2B), although specific 
ARGs removed and the fate of MGEs differed slightly as a function of shunting percent.
Preliminary results show promising reduction with all configurations achieved >90% total 
reduction of ARG levels from untreated wastewater. A total of 59 unique ARG (2.2 x 107 ± 4.9 
x 106 copies/L) were detected in the wastewater used in this study with dominant resistance 
subtype including multiple drug resistance (33.8%), aminoglycosides (23.2%) tetracycline 
(19.6%), Macrolide-Lincosamide-Streptogramin B (ML -lactam (9.5%). In 
general, the abundance of ARGs in reactor effluents decreased as bypass percent was increased
(from 0% - 20% shunting), with similar pattern observed for MGEs levels. Interestingly, R-S30 
has higher effluent ARG levels, which indicates lower ARG removal impacted by higher 
wastewater shunting despite higher TN removal. Nevertheless, DDHS bioreactors show high 
ARG removal (>90%) which is a novel advantage of the system potentially useful for public 
health defence. The new results further support the potential of the DDHS system for 
application in decentralised use and an ongoing pilot test will validate the new design for real-
world applications.   

Figure 2. DDHS Reactor mean performance as a function of percent wastewater shunting. (A) TN 
concentrations subdivided among Organic-N and Ammonia-N (soluble TKN), nitrite and nitrate 
constituents in the settled wastewater and effluents of reactors (n = 12 per reactor) over 90 days 
of steady-state operation after acclimation. Error bars show standard error. (B) Total abundance 
of ARGs and mobile genetic elements (MGEs) detected in wastewater and effluent samples.

While further optimisation for field application is necessary, this study shows that the new 
DDHS configuration can remove TN and ARG simultaneously. However, trade-offs between 
the two constituents exists and thus, its application will depend on local priorities and the quality 
of the receiving water.  
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INTRODUCTION / MAIN METHODS
Onsite wastewater treatment systems (OWTs) are both simple and relatively inexpensive but 
have been found to have significant impacts in some watersheds due to their limited nitrogen 
removal. Packed bed bioreactors are often applied in OWTs to achieve biological nitrogen 
removal (BNR) but their performance can be hindered by the highly transient loadings typical 
of these systems. Previous studies have investigated the addition of IX and adsorptive 
materials within BNR processes with promising results. The addition of clinoptilolite has been 
found to improve nitrogen removal in passive nitrification OWTs resulting in enhanced NH4

+

removal (FOSNRS, 2015; Rodriguez-Gonzalez et al., 2016). Krayzelova et al. (2014) 
combined NO3

- sorption onto scrap tire chips and sulfur oxidizing denitrification in a bench-
scale biofilter and effectively removed 90% of nitrate under steady state, variable flow and 
concentration influent conditions. This study investigates a Hybrid Adsorption and Biological 
Treatment System (HABiTS) that combines ion exchange (IX) materials and BNR to 
effectively remove nitrogen and buffer transient loadings. In HABiTS, ionic forms of nitrogen 
(NH4

+, NO3
-) exceeding the system’s biodegradation capacity are adsorbed during high 

loading periods, while desorption occurs during low or no loading periods. The desorbed 
nitrogen is then utilized by the microbial population, effectively regenerating the material. 
The overall goal of this research is to apply HABiTS for total nitrogen removal in OWTs 
under controlled conditions. This paper discusses a two-stage HABiTS treatment and 
evaluates its performance under transient loading conditions. 

Figure 1. HABiTS enhanced OWTS



Two side-by-side biofilters were constructed, both with a passive aerobic column for 
nitrification (Stage 1; 88.9 mm D, 406 mm L) and an anoxic column for denitrification (Stage 
2; 52 mm D, 350 mm L). The HABiTS treatment contained 20% clinoptilolite and 80% 
expanded clay for Stage 1 and tire chips, sulfur pellets and oyster shells for Stage 2. The 
control treatment employed only the expanded clay medium as a biofilm carrier in Stage 1 
and non-sorptive plastic carriers instead of the tire scraps for Stage 2. For both treatments, 
Stage 1 was operated for 80 days prior to Stage 2 integration to ensure proper nitrification 
conditions (Rodriguez-Gonzalez et al., 2016). An 8 L bench-scale septic tank fed both 
biofilters at a rate of 1.3 L/day. The influent to the septic tank was screened raw domestic 
wastewater amended with urea to increase NH4

+-N concentration. The influent was applied 
per the National Sanitation Foundation Standard 40, where 35%, 25% and 45% of the daily 
volume was distributed between 6 to 8am, 11 to 2pm and 6 to 8pm, respectively. Samples 
were collected three times per week and analyzed for N species and other water quality 
parameters.

MAIN RESULTS AND CONCLUSIONS
Total Inorganic Nitrogen (TIN) concentrations for the influent, control, and HABiTS 
treatments are shown in Figure 1. On average, NH4

+-N concentration in the influent was 
80.56±30.66 mg/L (Table 1). From day 106 to 168 a drop in TIN in the influent was observed. 
This drop resulted in improved performance for both treatments with effluent TIN 
concentrations below 5 mg/L. On day 177 influent concentrations reached the desired 100 
mg/L resulting in a sharp increase in the effluent of the control treatment (40 mg/L) while 
HABiTS only increased to 7 mg/L. Concentrations continued to climb for both treatments but 
were noticeably slower for HABiTS. Under these conditions nitrification was the predominant 
treatment over the IX resulting in similar NH4

+-N removal and NO3
--N production in the first 

stage of both treatments.

Figure 2. TIN daily variation in the influent, control and HABiTS columns effluent under 
variable HLR. (Rodriguez-Gonzalez, 2017)

Startup of Stage 2 was observed between day 95 and 113. Transient NO2
--N production was 

observed for the effluent of HABiTS Stage 2 but not for the control Stage 2 column during 
this period. In HABiTS, leaching of carbon from the tire mulch, as reported by Krayzelova et 
al. (2014), could have allowed partial heterotrophic denitrification to occur resulting in high 
NO2

--N production. In time and due to the high availability of elemental sulfur, SOD startup 
was observed and NO2

--N concentrations dropped to below 1 mg/L. Samples collected on day 



113 showed that HABiTS Stage 2 removed 97% of the NO3
--N while only 64% of it was 

removed in the control Stage 2 column, indicating faster denitrification in HABiTS possibly 
due to the partial heterotrophic denitrification as discussed previously. The high removal of 
NO3

--N correlated with increased SO4
2--S in the effluent resulting in a productivity of 2.30 mg 

SO4
2--S/mg NO3

--N. This calculated productivity is higher than that from the stoichiometric 
value of 1.6 mg SO4

2--S/ mg NO3
--N. Overall, HABiTS outperformed the control column by 

removing 53.94% of the NO3
--N produced compared to 40.94% removed in the control 

treatment, possibly due to adsorption onto the tire chips. No significant difference was 
observed in the production of SO4

2--S. Due to this versatility, HABiTS presents a feasible 
alternative for the enhancement of OWTS.

Table 1. Average water quality results for influent, control and HABiTS columns.
Parameter Influent Control

Stage 1
Control
Stage 2

HABiTS
Stage 1

HABiTS
Stage 2

pH 7.52 ±0.41 6.21 ±0.77 6.54 ±0.32 5.91 ±1.29 6.64 ±0.33

DO (mg/L) 0.85 ±0.49 5.06 ±1.06 3.53 ±1.45 4.87 ±1.51 3.34 ±1.68

NH4
+-N (mg/L) 80.56 ±30.66 19.79 ±17.07 21.82 ±16.08 21.51 ±13.99 20.25 ±12.90

NO2
--N (mg/L) 0.97 ±0.91 0.50 ±0.54 0.67 ±0.74 0.57 ±0.75 1.49 ±2.98

NO3
--N (mg/L) 0.07 ±0.17 58.96 ±21.86 25.68 ±15.12 58.60 ±23.47 16.17 ±15.96

TIN (mg/L) 81.59 ±31.74 79.25±39.47 48.18 ±31.94 80.68 ±38.21 37.91 ±31.84

SO4
2--S (mg/L) 22.48 ±16.22 42.31 ±16.79 74.14 ±23.62 43.48 ±9.02 70.90 ±22.48

COD(mg/L) 88.75 ±33.50 22.00 ±14.79 42.59 ±26.42 28.40 ±7.27 45.44 ±24.06
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Abstract: A local sensitivity analysis was performed for a S0-driven two-step 

denitrification model, accounting for NO2
- accumulation, biomass growth and S0

solubilization. The model sensitivity was aimed at verifying the model stability, 

understanding the identifiability of the model structure and evaluating the model 

parameters to be further optimized. The sensitivity analysis identified the mass specific 

area of the sulfur particles (a*) and hydrolysis kinetic constant (k1) as the dominant

parameters. Additionally, the maximum growth rate of the denitrifying biomass on NO3
-

(μmax
2,3) and NO2

- (μmax
2,4) were detected as the most sensitive kinetic parameters. Further 

calibration would be performed for the sensitive model parameters to optimize the quality 

of the model.

Keywords: biological surface based hydrolysis; elemental sulfur; modeling; sensitivity 

analysis; two-step autotrophic denitrification.

INTRODUCTION
Both nitrate (NO3

-) and nitrite (NO3
-) are considered as environmental pollutants in 

groundwater and surface water (Kilic et al., 2014). High NO3
- and NO2

- concentrations are
associated with various negative environmental and human health impacts. An elevated NO3

-

concentration in fresh waters leads to many environmental problems, such as eutrophication, 
loss of crop productivity and aquatic biodiversity. Also, a high NO3

- concentration has an 
adverse effect on human health. It might cause methemoglobinemia (also known as "blue 
baby" disease) and bring higher risk of cancer (Liu et al., 2016). Thus, the guidance value of 
50 mg/l for NO3

- was set for drinking water (WHO, 2011). The highly toxic nature of NO2
- to

both humans and aquatic life resulted in a stringent limit as low as 3 mg/l in drinking water 
(WHO, 2011). 



NO3
- and NO2

- removal from wastewaters and drinking water can be performed by physico-
chemical or biological processes. However, physico-chemical processes, including ion 
exchange, reverse osmosis and chemical reduction, are quiet costly and energy-demanding 
(Sierra-Alvarez et al., 2007). Therefore, biological removal of NO3

- (denitrification) and NO2
-

(denitritation) from waters could be applied. 

Depending on the type of energy source used, denitrification can be maintained 
heterotrophically by using organic compounds, or autotrophically with inorganic compounds. 
Heterotrophic denitrification is a proven technology, widely applied at the industrial scale. 
However, autotrophic denitrification has been suggested as an alternative treatment for those 
waters poor in carbon content (e.g. drinking water) due to the costly supplementation of 
organics (Sierra-Alvarez et al., 2007). Moreover, autotrophic denitrification shows the 
following advantages 1) reduced sludge production and handling; 2) decreased risk of
bacterial contamination; and 3) lower operating cost of the process due to use of inorganic 
carbon compounds as a carbon source (Sierra-Alvarez et al., 2007; Zhou et al., 2015).
Therefore, autotrophic denitrification is a promising and sustainable process to treat NO3

- and 
NO2

- pollution not only from industrial wastewaters, but also small drinking water systems.

Elemental sulfur (S0) is one of the most promising electron donor for autotrophic 
denitrification due to its low cost, non-toxicity and easy handling (Christianson et al., 2015; 
Di Capua et al., 2015; Kilic et al., 2014; Soares, 2002). However, chemically produced S0 has 
a low solubility, which limits its application in autotrophic denitrification and denitritation 
and the scale-up of the processes. To guarantee higher denitrification rates, smaller S0

particles, with a higher specific surface area, can be used (Di Capua et al., 2016). Therefore, 
the specific surface area of the S0 particles is one of the key parameters to be considered 
during S0 solubilization in the autotrophic denitrification and denitritation processes (Sierra-
Alvarez et al., 2007).

When NO3
- and NO2

- are removed in the presence of elemental S0, pH decreases and this may 
result in an inhibitory effects for autotrophic denitrifiers if the system is not adequately 
buffered (Soares, 2002). Therefore, the use of limestone as a buffering agent and inorganic 
carbon source is a common practice within the so-called ‘sulfur-limestone autotrophic 
denitrification (SLAD)’ process (Sahinkaya et al., 2015). 

Over the last decades, several mathematical models accounting for S0-driven autotrophic 
denitrification have been proposed. In most of them, zero- or half-order reactions have been 
applied to describe the simplified S0-driven autotrophic denitrification kinetics without 
accounting for microbial growth (Koenig and Liu, 2001; Moon et al., 2004; Qambrani et al., 
2015; Zhang and Zeng, 2006). The two-step autotrophic denitrification with thiosulfate 
(S2O3

2-) and S0 was described by Monod equations (Mora et al., 2015). However, NO2
-

evolution has been poorly predicted in the models. Xu et al. (2016) established a kinetic 
model for two-step autotrophic denitrification with hydrogen sulfide (H2S) that accurately 
predicted the concentration of intermediate NO2

- as well as SO4
2- as end product. Recently, 

Liu et al. (2016) have developed a model for three-step autotrophic denitrification linked to 
H2S and S0 oxidation with a focus on N2O accumulation. However, none of the developed 
models distinctly accounted for S0 solubilization as a prior step to autotrophic denitrification 
and denitritation (Sierra-Alvarez et al., 2007). 

In a recent study, a mechanistic model accounting for NO2
- accumulation, biomass growth 

and S0 solubilization has been proposed (Kostrytsia et al., 2017). As demonstrated through 
numerical simulations, the developed model could serve as a tool to predict the performance 
of SLAD biofilm systems and assess their process efficiency when compared to other 
denitrification systems. In the present work, the model developed in (Kostrytsia et al., 2017)



was recalled and a sensitivity analysis was applied to verify the model stability as well as 
define the model parameters to be further optimized. Specifically, our focus was to use local 
sensitivity analysis to better understand the dominant parameters of the process and possibly 
reduce the complexity of the model.

MATERIALS AND METHODS 

Mathematical model overview 

A mathematical model was developed in (Kostrytsia et al., 2017) to dynamically simulate the
main processes occurring during the two-step denitrification with S0 (S1). The proposed model 
takes into account the activities of autotrophic denitrifying bacteria (X2) using NO3

- (S3) or 
NO2

- (S4) as electron acceptors and a hydrolytic biomass (X1) growing on S0 lentils. It 
evaluates the interactions between the related processes: S0 solubilization, S0-based 
denitrification and denitritation. S0 uptake was modeled by introducing a new variable, the 
bioavailable sulfur (S2), a soluble compound that can be directly uptaken by denitrifying 
bacteria for further oxidation to SO4

2- (S6). A modified surface based kinetics equation was 
introduced to account for the hydrolysis of S0 (Esposito et al., 2011). The model equations 
were derived from mass balances and expressed as double-Monod kinetics (Eq. 1-8). They 
can be written as follows: 

= (1)

=

(2)

(3)

(4)

(5)

(6)

(7)

(8) 

where K0 denoted the efficiency growth coefficient for hydrolytic biomass; Y2,3 and Y2,4
represented the denitrifying biomass yield coefficients on NO3

- and NO2
-, respectively; a*

denoted the mass specific area of the sulfur particles; k1 denoted the hydrolysis kinetic 
constant; K1 indicated the volume specific half-saturation constants for S0; μmax

2,3 and μmax
2,4



represented the maximum growth rate for denitrifying biomass on NO3
- and NO2

-, 
respectively; kd,1 and kd,1 represented the decay constants for X1 and X2 biomass, respectively;
K2,2, K2,3 and K2,4 denoted the half-saturation constants for S0, NO3

- and NO2
-, respectively;

S3
* and S4

* indicated the lowest NO2
- and NO3

- concentrations that enable metabolic activities 
of X2. The obtained ordinary differential equations were integrated by using an original 
software developed on the MATLAB platform and based on the Runge-Kutta method.

Sensitivity analysis 

The proposed model requires a high dimensional (stoichiometric and kinetic) parameter space 
to be explored. To estimate each parameter, excessive experimental results should be 
provided to avoid ill-conditioning of the parameter estimation (Kesavan and Law, 2005). 
Therefore, a model sensitivity analysis was performed to reduce the parameter space of the 
model as well as identify parameter targets for experimental exploration (Jarrett et al., 2015).
The change of the dominant parameters resulted in a high sensitivity of the model outputs. In 
contrast, the variation of the non-significant parameters indicated a low sensitivity. 

In this model, a local sensitivity analysis was applied to compute sensitivity functions for the 
dynamic simulations. The sensitivities were calculated in terms of the effect of the 
perturbation on the model output over a time span because of the change in the input 
parameters.

An automatic differentiation tool SENS_SYS coupled with the ordinary differential equation 
(ODE) solver of MATLAB was used to predict local sensitivity. SENS_SYS tool is an 
extension of the ODE15s tool that allows to solve ODE system while compute derivatives 
(sensitivities) of the solution with respect to parameters (Molla and Padilla, 2002). The 
accuracy of the SENS_SYS tool is controlled by the default relative tolerance of 1e-6. The 
sensitivity analysis of the system F (Eqs. 3-4,6) was calculted by differentiating the system 
with respect to kinetic parmeter u, as illustrated in Eq. (9).

(9), 

where t denoted the time interval for the integration (days), y represented input state variables, 
y´ the first derivative of y with respect to t and u denoted the parameter.

The stochiometric parameters of the model were based on the biotransformation mechanism 
and determined in the previous experimental studies (Sierra-Alvarez et al., 2007). The 
biomass decay rate for most autotrophic microorganisms are very low. The threshold values 
for substrates (NO3

- and NO2
-), which represented the inability of microorganisms to grow 

below these values, described the characteristics of the enriched microbial community and 
were determined experimentally. Therefore, in the proposed model the above-mentioned 
parameters were not considered for the sensitivity analysis and the remaining 11 kinetic 
parameters were tested. 

RESULTS AND DISCUSSION
A series of sensitivity curves were obtained by changing the 11 kinetic parameters one by one 
in the simulation and absolute sensitivity was calculated, as illustrated in Figure 1. The 
greater parameter line slope indicates the more significant role of the parameter on the 
autotrophic denitrification process. Figure 2 demonstrates the absolute sensitivities of the 
kinetic parameters for the input state variables of 210, 0 and 0, for NO3

--N, NO2
--N and SO4

2--



S, respectively. The values of the parameters (stochiometric and kinetic) used for the model 
(Eqs.1 - 8) are reported in (Kostrytsia et al., 2017). 

Figure 1. Output absolute (or local) sensitivity of different parameters: (a) K0, (b) Y2,3, (c) 
Y2,4, (d) a*, (e) k1, (f) K1, (g) μmax

2,3, (h) μmax
2,4, (i) K2,2, (j) K2,3 and (k) K2,4. 



Figure 2. Absolute (or local) sensitivities of kinetic parameters during the simulation time for 
the degradation of (a) NO3

--N, (b) NO2
--N and (c) SO4

2--S production. 

Apparently, the mass specific area of the sulfur particles (a*) possessed a major influence on 
the model outputs and was ranked as a first dominant parameter (Figure 2). Parameter a*
accounts for the overall surface area of the sulfur particles to be microbially solubilized prior 
to denitrification and denitritation. Additionally, the parameter considers the particle size 
distribution. As illustrated in Figure 1d, NO3

--N output is more sensitive to the change in 
parameter a*, compared to NO2

--N. The latter might be attributed to the higher stochiometric
S/N ratio required for complete denitrification that for denitritation.

These results were consistent with the literature, where the impact of the specific surface area 
of sulfur particles was suggested as a prerequisite of S0 oxidation coupled to denitrification. 
Therefore, the proposed model was able to successfully describe S0 solubilization as an 
inevitable aspect and limiting step in the denitrification and denitritation processes.

Among the other parameters related to the S0 solubilization step, the hydrolysis kinetic 
constant (k1), being dependent on the nature of the sulfur, could be considered as a sensitive 
one. The absolute sensitivity of both parameters, a* and k1, showed a peak between 5 and 10 
days, and then slowly dropped. Consequently, the model predictions are crucial during that 
phase. On the other hand, the efficiency growth coefficient for hydrolytic biomass (K0) and 
volume specific half-saturation constant for S0 (K1) did not significantly influence the model 
outputs. 

The second and third most sensitive kinetic parameters were the maximum growth rate for 
denitrifying biomass on NO3

- (μmax
2,3) and NO2

- (μmax
2,4), as illustrated in Figure 2. As 

expected, μmax
2,3 played a crucial role for model outputs (Figure 1g). However, μmax

2,4 had a 
high sensitivity only for NO2

--N and SO4
2--S outputs (Figure 1h). The SO4

2--S absolute 
sensitivity of 10000 was reached for μmax

2,3 compared to that of 7500 for μmax
2,4. That might 

be attributed to the higher metabolic activities rates, in particular S0 oxidation to SO4
2-, of 

denitrifying bacteria growing on NO3
- (μmax

2,3) than NO2
-.

Denitrifying biomass yield coefficient on NO3
- (Y2,3) possessed high sensitivity for NO3

--N, 
NO2

--N and SO4
2--S outputs (Figure 1b). Instead, yield coefficients on NO2

- (Y2,4) affected 
only NO2

--N and SO4
2--S outputs (Figure 1b). On the other hand, half-saturation constants for 

S0 (K2,2), NO3
- (K2,3) and NO2

- (K2,4) had a minimal impact for the model outputs (Figure 1i-
k). To get an accurate evaluation of the half-saturation constants, a larger set of experimental 
data would be required; for example, they could be obtained from kinetic tests with different 
initial substrate concentrations.

Therefore, the sensitive parameters, such as a*, k1, μmax
2,4 and μmax

2,4 were indicated for model 
outputs by sensitivity analysis. Further calibration is required for the most sensitive model 
parameters to improve the quality of the model.

CONCLUSIONS
In this work, the results of a local sensitivity analysis performed for the newly developed
model (Kostrytsia et al., 2017) were presented. The model was able to dynamically describe 
the biological and physico-chemical processes occurring during autotrophic denitrification 
with S0, such as NO2

- accumulation, biomass growth and S0 surface based solubilization. The 
sensitivity analysis demonstrated that the model was more sensitive to a*, k1, μmax

2,4 and 
μmax

2,4. The model calibration will be performed only for the dominant parameters to increase 
the quality of model and reduce its complexity. 
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Abstract: Nitrogen removal efficiency was investigated in the single chamber membrane 
less MEC operated with combined leachate and dairy wastewater. The MEC was operated 
with simulated leachate diluted with dairy wastewater in the ratio of 16:84 (i.e 54 ml of 
leachate with 296 ml of dairy wastewater). The OLR, HRT and applied voltage of MEC was 
24 gCOD/L/d, 2 days and 0.8 V, respectively. The MEC showed 90% removal efficiency for 
nitrate, 100% removal of nitrite, 50% ammonia removal and 72.2% COD removal. The 
cumulative bio gas production during the process was around10mL/L/d.

Keywords: Microbial electrolysis cell; Dairy wastewater; landfill leachate; nitrogen removal

INTRODUCTION

Landfill leachate is a highly toxic but organic rich liquid generated during waste degradation. The 
toxicity associated with leachate resists it from being treated by conventional and advanced 
treatment methods. Recently the advent of a new technology, the Microbial electrolysis cells have 
paved a way for leachate treatment. MEC is a sustainable technology that produces renewable 
hydrogen from wastewater as substrate. The MEC uses less energy input and produces a clean 
fuel, the hydrogen. But like any other biological system MEC is also dependent on 
microorganisms. The toxicity of leachate does not allow it to be directly applied as substrate to 
MEC without dilution. In an era of water crisis, it is difficult to use fresh water for dilution. 
Henceforth, wastewater can be used for diluting the toxicity of landfill leachate. Dairy wastewater,
a major wastewater discharging industry with biodegradable pollutants can be used as the best 
option for diluting the toxicity of leachate. MEC has already proved its potential in reduction of 
organic matter. Exploration of its role in nutrient removal is very limited. Thus, the present study 
would aim to investigate the potential of single chamber membrane less microbial electrolysis cell 
to remove nitrogen from combined leachate and dairy wastewater.

MATERIALS AND METHODS
Wastewater: Dairy industry wastewater and simulated leachate was used as a substrate. The 
composition of simulated leachate was as follows (mg/L): Ammonium bicarbonate 2500,
Antimonic acid 1, Calcium chloride 6000, Cupric sulfate pentahydrate 15, Dipotassium 

Table 1 Physio-chemical characterization of the combined dairy industry wastewater and 
simulated leachate

S.No. Parameters Value
1. pH 8.5
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2. Chemical Oxygen Demand (mg/L) 8500±20
3. Electrical Conductivity (μS/cm) 1440
4. Ammonia (mg/L) 524±10
5. Nitrate (mg/L) 3.2±0.5
6. Nitrite (mg/L) 88.1±5
7. Phosphate (mg/L) 5.1±0.5

phosphate 1400, Magnesium sulphate 250, Manganese sulfate monohydrate 14, Magnesium 
chloride hexahydrate 180, Nickle sulphate hexahydrate 0.6, Potassium bicarbonate 780, Sodium 
bicarbonate 960. The physio-chemical characterization of the combined dairy industry wastewater 
and simulated leachate is summarized in Table 1.

MEC operation

A membrane-less single chamber reactor of dimensions 7.8cm x 11.3cm x 10cm and working 
volume of 350 mL was used in the study (Figure 1). Carbon cloth was used as anode and cathode. 
To increase the bacterial growth and power density, the anode was pretreated with nitric acid and 
acetone (Mahmoud et al., 2013). The pretreated anode was dipped in the mixture of volatile fatty 
acids and biogas diges C for 10-15 days for the development of 
biofilm over the anode. The bioanode and the cathode were placed at a distance of 4.5 cm to avoid 
short circuiting. The MEC was inoculated with biogas digester slurry and operated with combined 
simulated leachate and dairy wastewater in the ratio of 16:84. The OLR, HRT and applied voltage 
of MEC was 24 gCOD/L/d, 2 days and 0.8 V, respectively. The reactor was flushed with N2 gas 
to maintain anaerobic conditions. The gas generated during the experiment was collected in a gas 
tight syringe fixed on top of the reactor. A methanogenesis inhibitor 2-Bromoethansulphonate was 
added to the MEC reactor to ensure the production of pure hydrogen. The performance of MEC 
was assessed in terms of COD and nitrogen (Ammonia, nitrate and nitrite) removal, current and 
gas generation. 

Figure 1 Microbial Electrolysis cell - Experimental Setup

Analytical methods and calculations 

All the parameters were examined as per the standard methods APHA (2012). The current 
generation was measured by using multimeter. Current and power density was calculated as per 
the formula 1 and 2.  

Current density = I/A ………… (1) 
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Where, I denotes current and A is area of cross action of electrode.

Power density was calculated by multiplying the current density with the applied voltage. 

Power density = current density × voltage             ………… (2) 

The hydrogen was determined as per the formula mentioned below by converting it into molar 
mass. =   .  ………… (3)

Here 22.414 H2 is the molar mass of the gas at standard temperature and pressure.

RESULTS AND DISCUSSION

COD removal: Figure 2 depicts the COD removal efficiency of the MEC operated with combined 
leachate and dairy wastewater. It was observed that during the initial cycles the MEC showed a 
COD removal of 73.8% with effluent COD of 2276.9 mg/L. On continuous operation, the COD 
removal increased slowly and reached 78.9% leaving a residual COD of 1890.3 mg/L. The increase 
in COD removal efficiency might be due to the degradation of the substrate at steady conditions.  

Energy generation: The maximum current generation observed during the operation of MEC with 
combined leachate and dairy wastewater was 74 mA. The current and power density was calculated 
to be 74A/m3 and 592 mW/cm2. Gas generation was also considered as part of energy generation. 
It was observed that the MEC generated gas in the range of 10-15 mL/L/d. The gas was a mixture 
of carbon dioxide and hydrogen.  

Figure 2 Variation of COD in MEC operated with combined leachate and dairy industry 
wastewater

Nitrogen removal: Figure 3 depicts the ammonia, nitrite and nitrate removal in MEC operated 
with combined leachate and dairy industry wastewater. MEC showed 100% removal of nitrite and 
90% removal of nitrate. The lowest removal efficiency in the range of 48 - 57% was recorded for 
ammonia. The ammonia within the MEC was in the range of 404.4 mg/L to 548.4 mg/L showing 
an average effluent ammonia of 224.9 mg/L. According to Haddadi et al., (2014), at increased 
current generation, a competition between protons and ammonia ions exits which results in 
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decreased ammonia removal. The higher efficiency of nitrite and nitrate is due to their use as 
electron acceptors. Nitrate and nitrite accept electrons from external circuit and gets reduced.
Nitrate ions are reduced to nitrite at cathode. Further autotrophic denitrifiers use H2 gas at cathode 
as an electron donor (Zhang et al., 2014). This hydrogen gas was used to reduce nitrate to nitrite 
which further react with H2 gas to form nitric oxide (Ghafari et al., 2008). In the absence of organic 
matter, nitrate can be reduced by electrons present at the cathode (Park et al., 2005). From the 
results, it is clear that MEC has a good potential to remove the nitrogen.  

Figure 3 Ammonia, nitrite and nitrate removal in MEC operated with combined leachate 
and dairy industry wastewater.

CONCLUSIONS
MEC was efficient in treating leachate and dairy industry wastewater. The MEC showed 72.2 % 
COD removal, 0.74 A current generation and 10 mL/L/d of gas generation. Among the nutrients, 
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MEC showed 100% removal of nitrite and 90% removal of nitrate. The lowest removal efficiency 
in the range of 48 - 57% was recorded for ammonia. 
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INTRODUCTION
The small sewage treatment plants (STP) (<10,000 population equivalent) amount for the 
65% of the total plants in Europe (Foladori et al. 2015). Small STP are high energy 
demanding as they are usually oversized and based on activated sludge systems which are 
high energy consuming units (Gu et al. 2017). The application of the anammox process is 
under study to maximize the wastewater energy self-sufficiency. Moreover, when these 
systems are based on granular sludge, are compact and recommended for small STP.

However, there are still some issues to be improved when these processes are applied to treat 
urban wastewater at low temperature (<20 °C) and low nitrogen concentrations (< 100 mg 
N/L). In order to speed up the process the inoculation with anammox enriched biomass 
coming from a high load and high temperature system seems an option. Up to date, most 
available studies have been performed by applying long acclimation periods (several months) 
to the inoculum to reach the required conditions (Laureni et al. 2015). The main objective of 
the present study is to evaluate the long term performance of a granular anammox process 
operated at mainstream conditions, 15 ºC and 50 mg N/L, without previous acclimation 
period. 

MAIN METHODS
A 5-L sequencing batch reactor (SBR) was operated at 15 ºC. It was fed with synthetic media 
(Dapena-Mora et al. 2004) containing 25 mg NH4

+-N/L and 25 mg NO2
--N/L. The 6-hours 

SBR cycle was: feeding and reaction 300 min, mixing 30 min, settling 15 min and withdrawal 
15 min. Hydraulic retention time was fixed at 1 day. The anammox reactor was seed with 
granular sludge from an ELAN® reactor (Morales et al. 2015). Specific anammox activity 
(SAA) was determined in batch tests according to Dapena-Mora et al., (2007). Activation 
energies were estimated by linear regression of the SAA values (at 15, 20, 25 and 30 ºC) 
applying the Arrhenius’ equation (Lotti et al. 2015).

MAIN RESULTS AND CONCLUSIONS
The anammox reactor was operated for 144 days. Throughout the operational period, the 
removed nitrogen loading rate (NLR) was of 41±4 mg N/L·d, comparable with the values 
obtained by Laureni et al. (2015) after 120 days of acclimation from 29 to 15 ºC. The 



removed NLR in the SBR was limited by the load applied, as nitrite accumulation was not 
observed. The obtained average values of NO2

- to NH4
+ consumed molar ratio and NO3

-

produced to NH4
+ consumed molar ratio were 1.26 ± 0.12 and 0.34 ± 0.09, respectively. 

These values fit the stoichiometry of the anammox process.

Table 1. Comparison of the properties of the biomass in the SBR on days 0 and 135 of 
operation 

Sampling 
day

SAA (30 °C)

(mg N/(g VSS·d))

SAA (15 °C)

(mg N/(g VSS·d))

Activation energy

(kJ/mol)

Biomass in SBR

(g VSS/L)

0 270 ± 13 53 ± 11 78 ±3 1.60 ± 0.01

135 259 ± 18 56 ± 8 65 ±5 1.21 ± 0.03

Batch activity test showed that the SAA at the reference temperature (30 ºC) is more than five
times higher than at 15 ºC (Table 1). The same behavior was observed in the inoculum and 
after 135 days of operation. The similar values of SAA obtained at 15 ºC in days 0 and 135 
indicate no effect of the long-term operation on the anammox biomass. Furthermore, the 
decrease of the activation energy along the operation (Table 1) suggests the anammox 
biomass acclimation at the operational temperature (Lotti et al. 2015). 

Therefore the results indicate that for the start-up of an anammox reactor at low temperature 
and nitrogen concentration an acclimation period might not be needed. 
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Abstract: This study investigates the feasibility of microalgae cultivation in the effluent 
(permeate) of a decentralized anaerobic membrane bioreactor (AnMBR) treating domestic 
wastewater. Throughout 3 successive batch experiments, nutrient removal and growth of 
the microalgae species Acutodesmus obliquus were studied for the following culture media: 
(A) raw permeate, (B) permeate enriched with iron, magnesium, manganese, sulfur and the
chelating agent EDTA, (C) diluted commercial fertilizer as control culture. Initial nutrient
concentrations in the permeate ranged 97.2 - 126.2 mg∙L-1 TN and 13.6 - 14.6 mg∙L-1 TP.
During the successive batch tests, Total Phosphorus (TP) reached an average removal of
97 %, 97 % and 99 % for (A), (B) and (C) respectively. An average Total Nitrogen (TN)
removal of respectively 95 % and 96 % was achieved for the enriched permeate (B) and the
control culture (C). Despite TN removal and microalgae growth rates similar to (B) and (C)
during the first two batch tests, the culture (A) showed a limitation of these two parameters
starting from the third batch test. This was certainly caused by the lack of at least one
element within the four named micronutrients in the microalgae cells. In this work, an
effluent with a quality permitting to fulfill the requirements of the European Commission
Directive 98/15/EE for wastewater discharge (maximum concentrations of 1 mg∙L-1 TP and
10 mg∙L-1 TN) was obtained. However, the micronutrients iron, magnesium, manganese,
sulfur and the chelating agent EDTA should be added for continuous cultures at full-scale.

Keywords: anaerobic membrane bioreactor, microalgae , nutrient removal, wastewater 
reuse

INTRODUCTION 
Domestic wastewater treatment with efficient nutrient recovery is a worldwide key challenge 
for the 21st century. While industrialized countries treat 70 % of their sewage, wastewater is 
treated in only 28 % to 38 % of the emerging countries and 8 % of the developing countries 
(Sato et al. 2013). When the wastewater is treated, nitrogen and phosphorus removal often 
remains insufficient (Rawat et al. 2011), leading to eutrophication of the water bodies. At the 
same time, phosphorus resources are expected to be depleted within the next 100 years 
(Withers et al. 2015) and demand could exceed supply starting from 2035 (Cordell 2010).
Phosphorus from human feces represent 28 % of the phosphorus global demand (Mihelcic et
al. 2011). If this major nutrient was reused, it could lead to enhancement of the water bodies 
quality and be a long-term solution to phosphorus depletion. For this purpose, microalgae 
appear to be perfect candidates. Coupling wastewater treatment and microalgae cultivation 
enables to save fertilizer based on limited resources. Combining these two technologies is 
considered as a very promising alternative for phosphorus and ammonium removal, energy 
recovery, biomass production and water reuse (Whitton et al. 2015; Solovchenko et al. 2016).



Besides, the use of AnMBR for wastewater treatment has multiplied in the recent years. The 
low amount of sludge produced and energy consumed are the main advantages of the AnMBR 
over a conventional aerobic process (Ozgun et al. 2013). Especially, membranes have a small 
footprint (Pretel et al. 2016), which leads some AnMBR plants to be net neutral energy 
demanders (Seib et al. 2016). However, this process cannot eliminate the nutrients, which
implicates the need of a post-treatment (Smith et al. 2012). Microalgae culture could perfectly 
fulfill this post-treatment requirement, as they could especially have a great role for tertiary 
treatment (Oswald 1995; Whitton et al. 2015).

This work aims to recycle the nutrients contained in the effluent of a decentralized AnMBR 
treating domestic wastewater by coupling this preliminary process with the culture of 
microalgal biomass. Even though the researches in the field of nutrient recovery from 
wastewater streams by means of microalgae culture have intensified over the past ten years, 
coupling an AnMBR with microalgae cultivation is comparatively a new area of study. Ruiz-
Martinez et al. (2012) showed that a Submerged Anaerobic Membrane Bioreactor (SAnMBR) 
treating domestic wastewater was suitable for continuous microalgae growth. Using an 
AnMBR treating pre-treated sewage in combination with microalgae production, Viruela et 
al. (2016) demonstrates that it was possible to comply with EU directive when the effluent 
from the AnMBR was comprised in the range 40 - 50 mg∙L-1 TN and 6 - 7 mg∙L-1 TP. 
However, to our knowledge, coupling a decentralized wastewater treatment system using an 
AnMBR with microalgal culture has never been studied.

Furthermore, the influence of the addition of the chelating agent EDTA and the
micronutrients iron, magnesium, manganese and sulfur to the permeate was simultaneously 
investigated. Parallel to the macronutrients carbon, nitrogen and phosphorus, numerous 
micronutrients are required at low amounts for microalgae growth (Grobbelaar 2004).
However, no information about their availability in the effluent of an AnMBR can be found in 
the literature.

MATERIALS AND METHODS 
A prototype plant was built and automated in the so-called “BIQ Algae House” in Hamburg 
Wilhelmsburg, Germany (figure 1). Domestic wastewater from an apartment block (15 
apartments, approximatively 30 inhabitants) is directed to an AnMBR, where organic 
compounds are anaerobically digested in an 800 L Continuous Stirred Tank Reactor (CSTR). 

Ultrafiltration membrane

Permeate 

Anaerobic 
digester

Storage 
tank

Fresh untreated 
domestic 

wastewater

Biogas

Figure 1. Simplified flow diagram of the decentralized AnMBR process
After an average hydraulic retention time of 10 days, the wastewater flows through an 
ultrafiltration membrane (Bioflow External Membran Bioreactor, HyperFlux module Mo 
P13U(1m)_I8, 0,31 m2 area, 30 nm pores size, Berghof, Germany), which retains particulate 



substances, microorganisms and pathogenic germs. The obtained liquid phase (permeate) 
contains high concentrations of inorganic nutrients, especially ammonium and 
orthophosphates, which are necessary for microalgae growth. 

In this work, the permeate was sampled for further experiments at laboratory scale.
Throughout three successive batch experiments, nutrient removal and microalgae growth were 
simultaneously studied in triplicates for the three following culture media: 

(A) Raw permeate from the AnMBR

(B) Permeate enriched with the elements magnesium, manganese, iron, sulfur and
the chelating agent EDTA. By addition of magnesium sulfate (MgSO4∙7H2O),
manganese (II) chloride (MnCl2∙4H2O) and iron (II) sulfate (FeSO4∙7H2O), an
initial concentration of 6.81 mg∙L-1 of magnesium, 4.96 mg∙L-1 of manganese,
25.22 mg∙L-1 of iron and 23.47 mg∙L-1 of sulfur was achieved. The chelating agent
EDTA, which favors the formation of complexes with the micronutrients and
therefore their assimilation by microalgae, was also added with an initial
concentration of 8 mg∙L-1. The initial concentrations of the added elements were
chosen regarding the results of previous internal microalgae cultivation
experiments conducted with anaerobically digested blackwater under various
micronutrient concentrations.

(C) A commercial fertilizer (Ferty Basis 1, Planta Düngemittel GmbH, Germany)
was used as control for the experiment. As it does not contain a nitrogen source,
nitrogen was added in the form of ammonium nitrate (NH4NO3). NH4NO3 was
preferred to an ammonium salt, as culture media usually reach great acidic levels
when ammonium is the only source of nitrogen. The commercial fertilizer was
diluted with distilled water and NH4NO3 added so that nitrogen and phosphorus
initial concentrations were similar as those of the cultures (A) and (B).

Initial ammonium, TN, TP and biomass concentrations are presented in the table 1.

Table 1. Initial ammonium, TN, TP and biomass concentrations

The experimental plant consisted on nine autoclaved tubular pipes with a volume of each 
350 mL (3 pipes for each culture medium). The pipes were submerged in a continuously 
streamed Plexiglas water bath. Temperature was set to 25 °C (Thermostat DC40-K40, Haake, 
Germany). Five neon tubes (Philipps, Master TL-D 58W/840) gave an average light intensity 
of 446 ± 44 μmol∙m-2∙s-1. The experimental set-up worked with a 14:10 h light/dark cycle. 
The light and temperature parameters aimed to reproduce the weather conditions of the “BIQ 
Algae House” in the summer season. A continuously circulation of air and carbon dioxide 

Experiment and 
duration

Ammonium initial 
concentration  

(mg NH4-N∙L-1)

TN initial 
concentration 

(mg∙L-1)

TP initial 
concentration 

(mg∙L-1)

Initial biomass 
concentration     

(g dry weight∙L-1)

A B C A B C A B C A B C

1st Batch

(8 days)

73.7 73.7 39.0 97.2 97.2 110.1 14.0 14.0 11.5 0.294 0.388 0.257

2nd Batch

(5 days)

97.2 97.2 45.6 122.2 122.2 111.0 13.6 13.6 12.0 0.694 0.832 0.671

3rd Batch

(5 days)

98.6 98.6 46.2 126.2 126.2 106.8 14.6 14.6 12.4 0.664 0.774 0.653



with a carbon dioxide concentration from 4 % to 5 % was used as carbon source. At the start 
of the experiment, pH (pH 91, WTW, Germany) was set to 7.5. Values in the range 7 - 9 are 
reported to be optimal pH values for microalgal growth (Ruiz-Martinez et al. 2012).
Furthermore, a pH kept to the neutrality allows ammonium to be the most dominant form of 
ammonia nitrogen and does not lead to phosphorus, ammonium and magnesium precipitation 
in the form of struvite (de-Bashan, Bashan 2004). Every day, pH was controlled and adjusted 
with sodium hydroxide in case of acidification of the culture medium. The abiotic parameters 
applied during the successive batch experiments are summarized in the table 2.

Table 2. Summary of the abiotic factors set for the 3 successive batch experiments

Temperature

(°C)

Light intensity

(μmol∙m-2∙s-1)

Light:dark cycle

(h)

CO2 gas content

(v/v %)
Initial pH

25 ± 1 446 ± 44 14:10 4 - 5 7,5

For the inoculation, 20 mL Acutodesmus obliquus from the microalgae collection MCZH-
SVCK of the University Hamburg was used as pre-culture medium. This species was 
investigated because TP removal is commonly lower than TN removal during microalgae 
cultivation and Acutodesmus obliquus generally leads to higher TP removal than other 
microalgae species (Whitton et al. 2015). The pre-culture was cultivated in a 2 Liter Duran 
laboratory bottle in presence of a diluted commercial fertilizer (Ferty Basis 1, Planta 
Düngemittel GmbH, Germany). Before starting the pre-culture, the culture medium was 
autoclaved and the pH was adjusted to 7.5. A continuous lighting of 331.7 μmol∙m-2∙s-1 was 
applied. After 7 days, the pre-culture was centrifuged 10 min at 4000 U∙min-1 (Thermo 
scientific, USA). The biomass was then washed with distilled water and centrifuged again. 
The microalgae could afterwards be divided in the nine pipes. After inoculation, 10 μL of 
silicon anti-foaming agent was added in each pipe in order to avoid the formation of foam and 
the flooding of the culture. At the end of each batch experiment, the contents of the three 
tubular pipes used for the culture (A) were mixed together in a 2 Liter Duran flask. After 
10 min centrifugation at 4000 U∙min-1, the biomass was divided in the same three pipes. 
Identical procedures were applied for the cultures (B) and (C). 



RESULTS AND DISCUSSION 

Figures 2A, 2B, 2C and 2D. Ammonium, TN, TP and biomass concentrations throughout 3 
successive batch experiments with (A) raw permeate, (B) enriched permeate and (C) 
commercial fertilizer. The error bars represent the standard deviation of the 3 replicates.

At the end of the first two batch tests for the culture (A) and at the end of each batch test for 
(B) and (C), TP and TN removal efficiencies higher than 93 % were reached (table 3 and
figure 2). However, starting from the third batch experiment, a limitation of nitrogen removal
and microalgal growth was observed with raw permeate (A). As the culture medium of the
experiments (A) and (B) had the same nutrient concentrations, except for magnesium,
manganese, sulfur, iron and EDTA, it can be concluded that at least one of the 4 named
micronutrients were missing or not at sufficient concentrations in the culture (A). It can also
not be excluded that the absence of the chelating agent avoided the assimilation of the
micronutrients by the microalgae. As the pre-culture microalgae used as initial biomass at the
beginning of the first batch experiment grew in a nutrient-rich synthetic culture medium
containing sufficient micronutrients, the limitation of microalgae growth and TN removal in
(A) did not occur at the beginning of the experiment. Indeed, during the pre-culture, the
micronutrients contained in the synthetic culture medium were stored in the cells of the
microalgae. Therefore, it was assumed that the stock of micronutrients in the cells was still
sufficient during the first and the second batch test. The accumulated reserves gradually
decreased, resulting in a total inhibition of microalgae growth and TN removal during the
third batch test. Regarding the results of this work, these four micronutrients and EDTA
should be added for microalgae cultivation at full-scale. As a result of the low concentrations
of elements needed, this change in the process will only have a low influence on the cost of



Table 3. Average ammonium, Total Nitrogen (TN), and Total Phosphorus (TP) removal 
throughout 3 successive batch experiments with (A) raw permeate, (B) enriched permeate and 
(C) commercial fertilizer.

the process. Furthermore, experiments will be undertaken at a labor scale in order to state 
which element was responsible for the observed limitations.

In this work, the quality of the effluent (B) permitted the fulfillment of the European 
Commission Directive 98/15/EE for wastewater discharge. While a maximum TP 
concentration of 1 mg∙L-1 is authorized, the culture (B) reached final concentrations of 0.260, 
0.410 and 0.114 mg∙L-1. With final TN concentrations of 6.54, 4.89 and 5.30 mg∙L-1, the
requirements regarding TN were also fulfilled (maximum TN concentration of 10 mg∙L-1

authorized). The culture with raw permeate (A) likewise achieved TN and TP respecting the 
European Commission Directive 98/15/EE requirements, except at the end of the third batch 
test where TN remained at a concentration of 53.1 mg∙L-1. Moreover, as pH (figure 3) reached 
maximum values of 8.1, 8.1 and 7.9 for (A), (B) and (C) during TP removal, it was presumed 
that phosphorus and ammonium did not precipitate in the form of struvite. Therefore, it was 
assumed that nutrient removal from the culture medium was mostly due to nutrient 
assimilation by the microalgae cells. However, an analysis of microalgae cells should be 
investigated in further studies. Due to the very low volume of culture in each tubular pipe, this 
analysis was unfortunately not feasible in this work.

Figure 3. pH concentrations throughout 3 successive batch experiments with (A) raw 
permeate, (B) enriched permeate and (C) commercial fertilizer. The error bars represent the 
standard deviation of the 3 replicates.

In these batch experiments, nutrient removal and microalgae growth occurred faster with the 
enriched permeate (B) than with the commercial fertilizer (C). Indeed, despite the daily 
adjustment of the pH value to a neutral level, strong acidification of the culture (C) occurred. 

Experiment and 
duration

Ammonium 
removal (%)

TN removal (%) TP removal (%) Growth rate
(g∙L-1∙day-1)

A B C A B C A B C A B C
1st Batch

(8 days)

99.8 99.9 99.9 93.0 93.3 93.2 97.3 96.0 97.7 0.253 0.258 0.138

2nd Batch

(5 days)

99.9 99.9 99.7 95.5 96.0 97.8 93.5 97.0 98.2 0.268 0.417 0.269

3rd Batch

(5 days)

58.7 99.9 99.7 57.9 95.8 95.5 99.2 99.2 99.6 0.105 0.400 0.227



This represented a stress factor for the microalgae, which needed for that reason a longer 
adaptation time. Furthermore, microalgae needed a higher amount of energy to assimilate the 
nitrogen in the culture (C). Indeed, nitrate uptake requires reduction to ammonium in the cells 
involving the use of enzymes. This reaction could have influenced TN uptake rate.  

CONCLUSIONS 
Based on this study, the microalgae species Acutodesmus obliquus is able to grow 
continuously in the effluent of a decentralized AnMBR treating fresh domestic wastewater 
with high growth rates and total removal of the main nutrients phosphorus and ammonium. 
For this purpose, the micronutrients iron, magnesium, manganese, sulfur and the chelating 
agent EDTA should be added to the permeate. However, since the addition of a small amount 
of micronutrients and chelating agent is sufficient to achieve an optimum microalgae growth,
the cost of full-scale processes should not be affected. Given that the use of AnMBR has 
expanded in the last decade, this work opens new perspectives for the coupling between this 
technology and microalgae culture. The results of this study will be verified by cultivating 
Acutodesmus obliquus with permeate in outdoor photobioreactors. In addition, the 
micronutrients iron, magnesium, manganese, sulfur and the chelating agent EDTA will be 
tested separately in order to find the limiting element in the raw permeate.
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REVIEWERS COMMENTS – The article was corrected based of the following 
comments:

Jack van de Vossenberg, PhD, Senior Lecturer in Microbiology, IHE Delft Institute for 
Water Education, Netherlands:
This abstract clearly demonstrates the feasibility to remove P and N with microalgae from 
permeate of an AnMBR reactor fed with domestic wastewater. The system can yield effluent 
water that fulfills EU requirements for wastewater discharge. A simple enrichment of the 
permeate with Mg, Mn, Fe, S and EDTA was sufficient to obtain sustainable removal as 
compared with added fertilizer. 
This work builds on knowledge that has been obtained with algae growing on permeate of an 
AnMBR reactor fed with urban (pre-treated) wastewater and I think that this is a nice topic for 
a presentation on S2small.



Ewelina Jankowska, Researcher, Institute of Environmental Engineering, Politechnika 
Poznańska, Poznań, Poland:

This work represents an attempt to understand the feasibility of microalgae Acutodesmus 
obliquus cultivation in the effluent of decentralized anaerobic membrane bioreactor treating 
fresh domestic wastewater. Presented results indicated that the use of raw permeate limited 
the nitrogen removal and microalgae growth, however the permeate enriched with iron, 
magnesium, manganese, sulfur and the chelating agent EDTA enhanced TP, TN and 
ammonium removal. 

Authors need to explain why the Acutodesmus obliquus was used. Maybe another species or 
mixed microalgae biomass could give better results in nutrients recovery from raw permeate. 
Authors should discuss how added microelements could influence the growth of microalgae 
biomass. In the future work (full scale processes) authors should consider whether the 
addition of microelements will not adversely affect the cost of the process.

Simone Rossi, Ph.D. student, Department of Civil and Environmental Engineering 
Politecnico di Milano, Milano, Italy:

In this study, a microalgal culture was fed with the effluent (permeate) of an AnMBR reactor 
treating domestic wastewaters from a small apartment block. Removal efficiencies and 
microalgal productivities were calculated for: raw permeate, permeate enriched with Fe, Mg, 
Mn, S and a chelating agent (EDTA) and a control commercial fertilizer. The microalgal 
species Acutodesmus obliquus was cultivated for this purpose, obtaining very high removal 
efficiencies and satisfactory concentrations in the effluent stream for TP and TN. Three 
consecutive batch tests were performed, showing a decrease in the removal of TN and NH4

+

for the last batch test, when treating raw permeate.

A possible explanation for this phenomenon should be added from the authors, explaining 
possible consequences when treating permeate at full-scale. Details about initial conditions 
should be added as well, regarding TP, TN and biomass concentration. The work is however 
well-structured and I found the abstract interesting for the S2small 2017, being the conference 
focused on water and wastewater management for small and decentralized systems.

Lukasz Jaroszynski, Ph.D. student, Institute of Environmental Engineering, Poznan 
University of Technology, Poland:

It is interesting basic research which targets nutrients recovery from an anaerobically digested 
wastewater by microalgae cultivation. Results are described coherently with good English. 
Minor improvements are needed such as better description in batch test methodology (culture 
volume, vassal geometry or pH control during the test) or replicates number.

Detailed comments:

Fresh wastewater – better term could be treated wastewater 

Figure 1 – flow arrows should be provided and description of fluid recirculation



Ian Bradley, Ph. D student, University of Illinois at Urbana-Champaign, United States:

This is an interesting application of microalgal technology, with the current abstract detailing 
a feasibility study of growing algae on AnMBR effluent. The current study shows that algae 
can grow on the effluent and achieve high removal of TN/TP. Overall, the abstract does 
demonstrate that this is a feasible application for microalgae treatment. I think the methods 
could be added to, and the abstract could benefit from slightly more discussion of insights 
gained from this study. 

For example, I’m unclear from the methods how exactly the successive batch experiments 
were performed. Was the mixed batch culture wasted at the end of the experiment and then 
additional media added to the remaining culture? Was the culture allowed to settle before 
wasting? Or were these entirely new batch experiments with new inocula? From the graphs 
shown (Figures 2-5) it appears these were operated as semi-continuous reactors (SBRs). It is
hard to make conclusions about the results without fully understanding how the batch 
experiments were run. For example, if wasting of old culture happened after allowing settling, 
perhaps inorganic metals accumulated in the raw permeate reactor and inhibited growth 
during the third replicate? The enriched permeate reactor that had EDTA could have 
eliminated this problem, and thus, the reason for no loss of TN removal.

In general, I think the abstract could greatly benefit from additional content in the methods 
that allow the reader to understand how this system was operated. This would allow deeper 
insights into the results. In addition, it would be great to see slightly more discussion on the 
results. For example, why do the authors think that reactor (B) had slightly higher growth and 
faster nutrient removal than (A)? Was it due to the addition of EDTA removing inhibitory 
metals? Or do the authors think that the addition of other micronutrients (Mg, S, etc.) was 
responsible? Any additional insights or information would be extremely welcome and 
beneficial.

Ana Paula Erbetta Sueitt, University of Sao Paulo, Brazil:

The study performed by Foix-Cablé et al. aimed to recycle the nutrients contained in the 
effluent of a decentralized AnMBR treating fresh domestic wastewater from an apartment 
block (15 apartments, approximatively 30 inhabitants) by coupling this preliminary process 
with the culture of microalgae Acutodesmus obliquus. Such objective is quite interesting 
considering that the culture of microalgae in wastewater can contribute to the management of 
water ecosystems by providing a relatively inexpensive and environmentally attractive 
alternative to conventional energy intensive wastewater treatment systems. The experiments 
were conducted in lab-scale controlled conditions and some preliminary results were 
presented. In my opinion, the abstract presents interesting preliminary results, which have the 
potential to contribute to broaden the knowledge regarding the use of microalgae for 
wastewater treatment. However, the methodological approaches should be complemented 
with care to assure the understanding about what the authors did to achieve the results. In 
addition, more in-depth discussions and comparisons about the three culture mediums should 
be provided.
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INTRODUCTION
In this research project, the feasibility of using Coal fly ash to synthesize Nano-zeolite was 
studied and a set of batch experiments was conducted in order to assess the Nitrogen and 
Phosphorus adsorption efficiencies of the Nano-zeolite.

Nano-zeolite refers to Nano-crystalline zeolites, namely zeolites with crystal sizes less than 
100 nm, has resulted in increased surface area and decreased diffusion path lengths, 
enhancing ion exchange properties and high potential environmental decontamination 
(Camblor, Corma, & Valencia, 1998). Its physicochemical characteristics such as high 
mechanical and chemical resistance in addition to their high surface area have formed the 
basis for their widespread use in catalysis, separation, and ion-exchange (Song, Li, Grassian, 
& Larsen, 2005).  

The dairy industry is one of the most polluting of industries, not only in terms of the volume 
of effluent generated but also in terms of waste water characteristics (Sarkar, Chakrabarti, 
Vijaykumar, & Kale, 2006). It is hypothesized that NZ for treatment of dairy wastewater may 
allow simultaneous removal and recovery of nitrogen and phosphorus. 

MAIN METHODS
Coal fly ash (FA) was obtained from the Moneypoint thermoelectric power plants located in
Co. Clare. Nano-Zeolite (NZ) was synthesized via alkaline hydrothermal treatment. Physical, 
chemical mineralogical composition characterizations of the samples were studied by using 
scanning electron microscopy (SEM) and X-ray diffraction (XRD) was performed. The 
surface area, cation exchange capacity phosphorous sorption index of solids (FA and NZ) was 
also studied.  

Surface modification were conducted by adhere Cu, Mg, Fe, Zn, Ca ions on the surface of NZ 
by adding 0.5mol/kg of different chemicals into the autoclaves during the synthesis process of 
NZ. Besides, Hexadecyltrimethylammonium (HDTMA) was employed as organic surfactants,
in order to change the surface properties. The modified NZ were named as Cu-NZ, Mg-NZ, 
Fe-NZ, Zn-NZ, Ca-NZ and HDTMA-NZ.

Batch studies were conducted to study the effect of sorption time, pH values, dosage of 
FA/NZ on nitrogen and phosphorus removal efficiency. Besides, a comparative batch



experiments were done on surface modified NZ, Activated Charcoal and Carbon nanotubes at 
a certain reaction time.

MAIN RESULTS AND CONCLUSIONS

Figure 1. SEM images of the Coal fly ash (FA) and the Nano-Zeolite (NZ).

SEM images of the FA and synthesized NZ were shown in Fig. 1. SEM observation of the FA 
showed the presence of micro-particles in the shape of smooth balls. NaOH solution affected 
the FA by deforming ball-like shape and changing smooth surface into various irregularly 
shaped of crystals, e.g., plates and rods. The particle surface of NZ showed the formation of 
zeolites, as was confirmed by the XRD data of this study. 

Figure 2. Average removal rate (%) and level of Nitrogen and Phosphorus (mg/g) by Nano-
zeolite

The removal efficiencies of N and P in SW over time at the Nano-zeolite dosage of 1 g/50 ml 
can be seen in Fig. 2. It can be seen that both N and P levels decreased rapidly during the first 
5 min due to the sorption. After that, N level increased slightly between 5 and 15 min while P 
level increased slightly at 30min. Within 60 min, the concentration of NH4-N decreased from 
118 to 35 mg/L (71% removal) while the concentration of PO4-P decreased from 52 to 45 
mg/L (12% removal).
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Figure 3. Comparative experiments of ammonium and phosphate removal on different 
absorbents (reaction time 12 h, NH4=110mg/L, PO4=50mg/L). 

The results of comparative experiments show that the modified Nano-zeolite by Ca possesses 
highest removal rate of ammonia (72.42%) and HDTMA-CN has the highest phosphate 
removal rate (85.71%).

It can be concluded that the Nano-zeolite was synthesized successfully the sorption capacity 
of NZ on ammonia and phosphate are 7.8mg/g and 1.2 mg/g. The adsorption process reached 
equilibrium in a very short time (less than 60min), which suggests that it’s potential on fast 
immobilisation of nutrients. 

Besides, the adsorption pattern of N and P are different when using this NZ to treat SWs. The 
ammonia removal efficiency is higher at higher pH levels while the removal of phosphate is 
the opposite way. There is unapparent increase on removal rates of phosphate when using 
modified NZs, which shows that simultaneous removal of nitrogen and phosphorus still need 
further research.  

At the same time, carbon nanotube and modified carbon nanotube possess higher phosphate 
removal rate compared to NZ and modified NZ, which shows their potential in wastewater 
treatment.
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REVIEWERS COMMENTS :

The abstract fits within the scope of the Conference. The theme selected by the authors is 
appropriate. The abstract clearly presents the subject and the main results of the study.
The references are a dated. The novelty is not apparent. It looks like just another adsorption 
study. Not obvious how it relates to the topic of Small water / wastewater / sludge treatment 
and reuse 
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Introduction

Phosphorus discharges from wastewater lead to water quality degradation. In order to achieve 
a “good ecological status of water” according to the European Water Framework, European and 
French regulations aims to limit total phosphorus (TP) disposal of wastewater treatment plants, 
even for capacity < 2000 person-equivalent (Pe), with limits between 1 and 10 mg/l, depending
on the water quality of the receiving environment.

Since 1990s, Vertical Flow Constructed Wetlands (VFCWs) have been more and more popular 
in treating raw domestic wastewater for small municipalities in France (> 4000 units in 2017).
However, phosphorus removal is limited in VFCWs (Paing et al, 2015) and the addition of 
chemicals such as FeCl3 is not always suitable because of energy requirement, corrosive risks 
and maintenance needs. Therefore, there is a need for alternative technologies to overcome this 
situation.

Among different filters materials used for phosphorus removal, as described in Volha et al. 
(2011), slags (by-product of the steel industry) were selected because of low cost and site 
production in many countries inclunding France. Slags are aggregated rock materials mostly 
made of Ca/Mg oxides, Silicates and iron.  

The aim of this work was to study long term efficiency of reactive filter filled with slag material 
to improve phosphorus removal downstream of small wastewater treatment plants (< 2000 Pe).
The study focus on the monitoring of a large-scale filter fed with secondary effluent of 
constructed wetlands during 5 years, completed by laboratory experiments.  

Material and Methods

This study focus on a large-scale waste water treatment plant for domestic wastewater located 
in France: La Chapelle-Rousselin (49). This treatment wetland was designed and constructed 
by Opure company (previous name Jean VOISIN), according to the classical “French system” 
with 2 vertical flow stages (unsaturated), with 2 m²/EH. The capacity was 900 Pe (54 kg 
BOD5/d, 135 m3/j) and the commissioning was in 2010. To improve phosphorus removal, a 
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third stage with a horizontal slag filter (90 m²) was added in June 2012. This filter treat half of 
the total flow from the second vertical stage, in order to increase retention time. 

Additional to this large-scale monitoring, a laboratory experiment was conducted to compare 
the “fresh slag” and the “used slag” after 5 years.  

Results and Discussion

Mean results on treatment efficiency obtained at large scale are summarized in Table 1. Global 
performance removal on total phosphorus reached 56 ± 10%, both vertical constructed wetland 
filters showed no significant efficiency and the 3rd stage with slag filter allowed 55% ± 10% 
removal. The concentration at the outlet is very stable and quite low compared to the regulation 
limit (< 10 mg/l for this site) with 3.7 ± 0.5 mg/l. In addition to phosphorus removal, the slag 
filter allowed to enhance the quality on all other parameters such as suspended solids, COD, 
TKN and TN, reaching 94% to 99% of global efficiency.  

Raw 
Wastewater

2nd stage 
effluent (VF)

3rd stage 
effluent (SF)

% removal 
(2 stages VF) 

% removal 
(slag filter) 

% removal 
(global) 

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.
pH 8,0 0,5 5,0 1,1 7,3 0,6
SS 284 63 10,2 6,7 6,0 4,3 96% 2% 42% 18% 98% 1%

BOD 252 61 4,0 3,5 3,2 2,8 98% 1% 11% 54% 99% 1%
COD 632 143 57 26 39 17 91% 3% 26% 28% 94% 2%
TKN 75 16 3,6 3,0 2,2 0,4 95% 4% 20% 30% 97% 1%

N-NH4 52 13 2,8 1,8 2,0 0,0
N-NO3 54 23 46 18

TN 59 25 48 18 24% 18% 13% 25% 36% 18%
TP 8,9 3,2 8,7 2,8 3,7 0,5 1% 8% 55% 10% 56% 10%

Table 1: Mean characteristics of influent and effluent from large scale treatment wetland during 5 years 
monitoring (N=5).

The experiment conducted in laboratory with longer residence time showed a better percentage 
removals with 88% of TP for “used slag” and 79% for “fresh slag”. We can conclude than after 
5 years operating and a quantity of 2 gP/kg slag removed (estimation), the slag still performed 
well and that removal efficiency can be improved by increasing residence time.
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Introduction

Urine has a potential as phosphorus resources. Direct use of collected urine to farmland has 
problems on its utilization, such as bad smell of ammonia, low concentration of nutrients 
comparing with solid fertilizers. To overcome these problems, we proposed some techniques 
to produce solid fertilizer of slow released nitrogen fertilizer1, 2) and calcium phosphate3) with 
scallop shell particles from urine. Most of urine is generated from domestic houses, while the 
recovery should be done in house, therefore the reactor should be small scale and 
decentralized type. Considering this situation, a fixed bed reactor with simple configuration 
can be used for the production of calcium phosphate, although the reaction kinetics is not 
unclear. The aim of this paper is to develop a mathematical model for the reactions of
calcium, phosphate and other ions in the fixed bed. 

Material and Methods

Shell particles were sieved into the range from 0.71 to 1.19 mm. Synthetic urine were 
prepared based on the research of Wilsenach4), from which urea were excluded to avoid the 
effect of urea hydrolysis. A series of column operations were conducted with cylindrical 
columns. The bottom outlets were connected with silicon tube with inner diameters 0.7 mm 
and the other side was kept as high as the certain height of the shell bed. The column was 
filled with tap water and the shell particles. The bed porosity was 0.445 in average. The 
synthetic urine was started to be supplied to the column from upper side by tubing pumps 
with silicon tube whose diameter were 1mm. During the operations, several milliliters of 
sample were taken from effluent periodically, to be filtered with cellos acetate membrane 
filter with pore size of 0.45 m (25CS045AN, ADVANTEC®). Part of them are used for 
measurement of inorganic carbon with a TOC analyzer (TOC-5000A, SHIMADZU) under 
appropriate dilution with deionized water while rest of them were stored after addition of 
1%-vol. of nitric acid (1%-volume) (140-04016, Wako) for stabilization until measurement 
with an ICP-AES analyzer (ICPE-9000, SHIMADZU) for calcium, phosphorus, sulfur and 
potassium. At each sampling, a few milliliters of samples were directly put on a pH meter 
(LAQUA twin, HORIBA). The experiments were conducted at room temperature 25oC.
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The analysis was conducted with Phreeqc of an equilibrium solver. The reaction model 
considers advection model and the ions diffuses from the bulk solution to surface and inside 
of the crystal layer. The reaction rate coefficient of the precipitation was obtained from batch 
tests. Using this mathematical model, the concentrations were simulated.

Results and Discussion

During the experiment, the concentration of phosphate was lower than that at initial to 
indicate recovery of phosphate. The carbonate concentration was same level of the 
difference of the phosphorus concentration between initial and effluent. This means the 
replacement of carbonate in calcium carbonate with phosphate. After 200 hours, the 
concentration of phosphate increased, while that of carbonate decreased. This fact shows 
a decrease of the reaction rate of replacement. pH and the concentration of calcium were 
stable. The lines are estimated values by the simulation to show good agreement with the 
experimental data. 

Figure Typical time course of ion concentrations in column effluent: blue circle pH, yellow 
diamond: CO3

2-, red triangle: phosphate, green square: calcium 
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Introduction

Discharge of phosphorus polluted wastewater is the of major factor for the excessive growth 
of photosynthetic algae and cyanobacteria which leads to the eutrophication of surface water 
bodies [1]. The aim of this work was to establish and compare the phosphate removal 
capacities of five different materials like steel slag, bauxite ore, bentonite clay, fire brick, and 
kiln ash from blast furnace and to provide selection criteria for substrates that would enhance 
phosphate removal downstream of existing wastewater treatment plants such as constructed 
wetland system. These systems generally enable to treat biochemical oxygen demand (BOD), 
suspended solids (SS) and kjeldahl nitrogen but are limited in removing phosphorus [2,]. In 
vertical flow constructed wetland removal of phosphorus mainly occurs through substratum 
adsorption, to a minor extend plant uptake and incorporation into organic matter can remove a
fraction of P but this is not sustainable [3,4,5]. 

Therefore, there is an urgent need for new technologies to overcome this situation, our project 
was conducted in this context. 

Material and Methods

Reactive materials were collected from different places in India. The steels slag and kiln ash
was procured from the company Goa Sponge Ltd, Bauxite ore was obtained from mining 
industry in Goa. Bentonite clay was available commercially and fire brick was taken from the
waste from fire brick manufacturing small scale industry in Uttar Pradesh. The samples were 
grinded manually according to the granular size of 5-10 mm to perform the batch 
experiments. This enables the results to be compared with the size of field scale filters. Before 
the experiments, the samples were washed first with tap water to remove fine particles and
then dried at 105°C for 24 h. Energy dispersive X-ray fluorescence analyses (EDX) were
performed to determine the semiquantitative chemical composition of the samples (Rayny
series EDX-800HS spectrometer, Shimadzu Corporation, Kyoto, Japan). 
For each reactive material, a series of 6 glass bottles each containing 1 L of a synthetic 
solution with different initial PO4-P concentrations (0, 5, 10, 20, 25, 100 mg P/L) was 
prepared. The bottles were placed on a shaker at 125 rpm under controlled temperature 
conditions (20°C). The residual PO4-P and Ca2+ concentrations of the solutions were 
measured after 7 days of agitation, when a pseudo-equilibrium in PO4-P removal was reached.
The solution were filtered before residuals PO4-P, TP(Total phosphorus) and Ca2+ 
concentration were measured.
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Expected Results and Discussion

It is expected that the Steel slag collected from steel manufacturing industry will show some 
promising results as in the manufacturing process lime is added to the furnace. The high 
content of CaO and Fe in the steel slag has shown good result in the previous studies. All the 
other materials we are using also have some amount of Fe, Al and CaO content (6,7,8). P 
removal will be according to the Fe, Al, CaO dissolution and adsorption of Fe-P, Al-P and 
Ca-P complexes. The best material showing promising result will be used for the field scale 
studies in India. As these materials are very cheap and easily available in large scale in India.
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INTRODUCTION / MAIN METHODS
By 2025, it is anticipated that up to two-thirds of the world population could be living under 
water-stressed conditions, as demand for safe water will exceed availability in many regions 
(UNDP 2006; UN-Water and FAO 2007). One of the biggest challenges facing water resource 
management is the lack of adequate water and wastewater infrastructure in the developing 
world, and the aging of existing networks in the developed world (Rodriguez et al. 2012).
While water services are essential for socioeconomic development and increased societal 
productivity, they remain severely underfunded on a global scale, with a large portion of the 
gap in the investment attributed to delays in infrastructure and inadequate maintenance 
(Rodriguez et al. 2012). 

Waste stabilisation ponds (WSPs) are the most widely used technology for the treatment of 
wastewater worldwide. These wastewater treatment systems are generally used to service 
small populations in rural and remote areas, however where land area is available there are 
plants successfully servicing up to 2.5 million people (e.g., Western Treatment Plant, 
Melbourne, Australia). Pond systems work through a multivariate process (Figure 1), where 
WSPs are designed to take into account elements of loading, hydraulics, sludge, ecology and 
climate. Efficient WSP systems rely on wastewater being present in ponds for the designed 
minimum hydraulic retention time to treat the incoming load. 

In light of the growing pressures on our wastewater infrastructure, it is vital to apply a more 
integrated approach to understand the drivers in WSP performance in order to meet future 
demand. Our ability to diagnose problems in WSP systems is becoming increasingly 
important, as more pressure is placed upon systems to meet increasing demand. To this end, 
the development of rapid, high-resolution tools for studying WSPs is critical to solve current 
deficiencies, as well as to highlight processes and interactions that are often overlooked due to 
their complexity or the inherent difficulty in quantifying them.

The approach used in this study calls upon high-resolution data of sludge bathymetry, 
hydrodynamic modelling, as well as experimental microbial ecological approaches, to work 
towards and deliver a fully integrated approach to the planning, design, and operation of 
WSPs. 

MAIN RESULTS AND CONCLUSIONS
Sludge management is of vital importance to pond treatment performance, and sludge 
removal is extremely expensive. Through the development of a high-resolution measurement 
platform for the collection of sludge bathymetry data, we have not only been able to improve
the resolution of sludge bathymetry data, but also provide a tool for pond managers to more 
regularly complete surveys to better inform expensive sludge management operations (Chua



et al. 2013; Coggins et al. 2017). The high-resolution data collected using this platform has 
also been used to develop a more reliable and accurate model of the evolution of pond 
hydrodynamics (Coggins et al. 2017); the high-resolution bathymetry also makes it possible 
to model pond upgrades, such as baffles.  

There is also a need to move away from traditional microbial measurement techniques, such 
as heterotrophic plate counts (HPCs) for the quantification of wastewater communities, 
towards techniques which can act as more rapid, accurate indicators of pond performance. For 
example, we have shown that metabolomics is a useful tool to determine the ‘human signal’ 
throughout the pond treatment train (Reichwaldt et al. 2017). Additionally, flow cytometry, 
currently used as the guideline method for assessing drinking water in Switzerland (e.g., Prest
et al. 2013), may also be applied for the rapid quantification of WSP algal and microbial 
communities. 

Additionally, there is scope to more fully integrate studies on pond hydraulics with pond 
microbial ecology, to gain a better understanding of the interplay of these factors and their 
combined effect on treatment performance. This includes the measurement of greenhouse gas 
(GHG) fluxes (Glaz et al. 2016), as well as mitigation strategies for toxic cyanobacterial 
blooms (e.g., Barrington et al. 2011; Barrington et al. 2014).  

Figure 1: Conceptual framework of processes, drivers, and criteria for current and proposed future 
design of WSPs. This also shows that the relationships between the main drivers are complex, as sludge 
has an effect on hydraulics, and hydraulics interacts with pond ecology.

A more integrated approach is required to not only understand how our systems currently 
perform, but also to inform new design criteria (Figure 1), both for both new pond systems 
and the upgrade of existing assets. This new approach recognises that pond design criteria 
cannot be assessed in isolation, and that there needs to be more connectivity in the research 
surrounding pond performance related to hydraulics, sludge, and pond ecology. Overall, 
through a better understanding of the interplay between processes (Figure 1), we will be able 
to develop new design criteria allowing the adaptation of these systems to be sustainable long 
into the future, in the hope of meeting the future demands on our wastewater infrastructure.  
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INTRODUCTION / MAIN METHODS
Sludge accumulation in waste stabilisation ponds (WSPs) can impact performance by
reducing effective pond volume, and altering pond hydraulics and wastewater treatment 
efficiency (e.g., Persson 2000; Sah et al. 2012). Traditionally, sludge heights, and thus sludge 
volume, have been measured using low-resolution and labour intensive methods such as 
‘sludge judge’. Currently, this low-resolution WSP bathymetry data has made it difficult to 
validate hydrodynamic models of these systems (e.g., Olukanni & Ducoste 2011; Alvarado et 
al. 2013; Passos et al. 2016), and thus higher resolution data is needed to significantly 
improve the reliability of models of WSPs. 

The aims of this study were: 1) to develop a tool to collect high-resolution data of WSP 
bathymetry, 2) to construct a hydrodynamic model using collected high-resolution bathymetry
data, and 3) to determine the effect that sludge accumulation and distribution have on the 
hydraulics of a range of WSP systems.

A sonar device with built-in GPS and data logging ability was fitted to a remotely operated 
vehicle (ROV), and then compared to the measurements taken with a sludge judge. A 2D 
hydrodynamic model of WSPs was set up using the high-resolution bathymetry data collected 
with the ROV, and then calibrated and validated through field tracer experiments. The 
validated model was then applied to determine the effect of range of sludge scenarios on pond
(Coggins et al. 2017). 

MAIN RESULTS AND CONCLUSIONS
Comparing the results from a sludge judge survey to one collected with the sonar, there is a 
very clear and strong correlation (R2 = 0.98) between the measurement techniques (Figure 1). 
Using an ROV greatly reduced profiling time, with >25000 data points collected in 20-30 
mins. In addition, the ROV greatly reduced the safety risks of operators having to go out onto 
ponds. An example of a sludge survey completed with the ROV is shown in Figure 1. In 
general, sludge judge surveys can only capture pond-scale features, while a sonar survey
determines sludge bathymetry, showing the sludge blanket in sufficient detail for bathymetry-
induced changes in flow to be accurately predicted. To date, the ROV has been used >400 
WSPs across Australia, as well as in some lakes, stormwater wetlands, and rivers.



Figure 1. (Left) Sonar vs. sludge judge measurements of sludge height, where the dashed line indicates the 
1:1 relationship. The relationship between the data collected using both methods shows that the techniques 
are comparable for the estimation of sludge height. (Right) A pond sludge profile collected using the ROV, 
showing a non-uniform distribution; colour scale shows sludge height in metres, pond depth 1.1m.

Hydrodynamic modelling was conducted for three sites with varying sludge distributions, i.e., 
uniform, edge accumulation, and a highly channelized pond (e.g., Figure 1), with various 
infill volumes (no sludge, and up to 58% infill). In the range of ponds modelled, reductions in 
residence times ranged from 33% in a pond with a uniform sludge distribution to a reduction 
of up to 60% in a pond with highly channelized flow. It was found that hydraulic performance 
of ponds was not only affected by sludge accumulation, but also that the distribution played a 
role in performance (Coggins et al. 2017).  

Overall, we have demonstrated that the developed ROV can successfully measure sludge 
distribution with high-resolution, and that the collected data can be input into a hydrodynamic 
model. By applying this to the study of three sites, we have shown that pond hydraulics is 
mainly influenced by the accumulation of sludge, with the distribution of sludge also having 
an addition effect on pond hydraulics.  
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INTRODUCTION / MAIN METHIODS 
The aim of this work was to investigate the effect of pH on the removal of bacterial indicator 
organisms in a WSP operated in a temperate climate. Disinfection efficiency in WSPs is 
strongly influenced by environmental factors, as the treatment in a WSP is dependent on 
natural purification. Environmental factors, such as pH, dissolved oxygen (DO), temperature 
and sunlight intensity play an important role in pathogen removal. High pH levels (pH >9) 
have been recognized in the literature as a critical mechanism for pathogen inactivation in 
WSPs. A neutral to slightly acidic pH (between 6.5 and 7.5) is optimal for fecal bacteria 
growth, while pH levels above 9 are effective in indicator organism removal (Davies-Colley 
et al., 2000; Awuah, 2006; Ansa et al., 2011, 2012). Escherichia coli (E. coli), fecal coliforms 
and total coliforms are the most commonly used pathogenic indicator organisms, however, 
concerns with respect to their limitation and accuracy have recently been reported, and 
potential strategies to overcome some of these have been proposed (Bouhoum et al. 2000; 
Betancourt and Rose 2004; Coulon et al. 2010). In this study, Enterococci and Clostridium 
Perfringens were selected, in addition to conventional indicator organisms, to investigate the 
effects of environmental factors on the inactivation of a variety of microorganisms. 

The WSP system investigated in this study is located on the north shore of Lake Ontario
(Canada). Samples were collected from the inlet to the pond system. Algae samples were 
cultivated in Bold's Basal Medium (BBM) for 6 days, and pH and DO values were recorded. 
The culture and enumeration of indicator organisms were carried out using the membrane 
filtration method according to the Standard Methods for the Examination of Water and 
Wastewater (APHA, 2005). The plates were cultured at temperatures of 37ºC (E. coli, fecal 
coliforms, total coliforms and Enterococci) and 44ºC (Clostridium Perfringens) for 24 hrs. 
Five pH levels (4, 7.5, 8.5, 9.5 and 10.5) were investigated. pH in wastewater samples was 
adjusted accordingly using 1 N sodium hydroxide or 1 N hydrochloric acid. 

MAIN RESULTS AND CONCLUSIONS
Two species of macroalgae were found in the WSP during the summer sampling season of 
2016; water net (Hydrodictyon) and filamentous (Spirogyra) algae. Algal growth showed 
strong positive correlations with pH and DO in laboratory experiments (spearman’s 
coefficient of 0.82) (Figure 1). E. coli decayed faster under pH levels of 10.5 and pH 4 in 
comparison to other pH conditions tested. Total coliforms showed an increase in mortality 
with increasing pH from 8.5 to 10.5. Enterococci responded differently to basic condition 
than E. coli and total coliforms as their mortality was lower under acidic condition than basic 



condition. Clostridium perfringens are spore-forming bacteria that are more resistant to 
environmental stresses. They can survive and even grow under extreme pH conditions (pH 4 
and pH 10.5). This study confirmed that traditional indicator organisms, E. coli and total 
coliforms offer some limitations in their ability to represent an overall level of pathogens in 
treated wastewater. It would be recommended that additional indicator organisms, such as 
Enterococci and Clostridium Perfringens be considered in regular disinfection monitoring 
programs and included in discharge regulation.  

Figure 1. DO and pH changes as a function of macroalgae ((a): Spirogyra, (b): Hydrodictyon)
in BBM with a starting pH of 6.

Figure 2. The effect of different pH levels on the mortalities of E. coli (a), total coliforms (b), 
Enterococci (c) and Clostridium perfringens (d).

(a) (b)

(a) (b)

(c) (d)
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INTRODUCTION

Wastewater stabilization ponds (WSPs) use natural processes to both disinfect and stabilize 
wastewater, and are a frequently applied treatment method. Traditionally designed as perfectly
mixed reactors of plug-flow, there is a need for an improved understanding of spatial variability
in hydrodynamic processes. This would allow for applications coupled with biological and water 
quality models to investigate transport and fate of materials in these systems. The goal of this
work is to setup and validate a 3-dimensional hydrodynamic model of a WSP using Delft3D--a
commonly applied Reynolds-averaged Navier-Stokes model to simulate the water levels,
temperature stratification and current velocities. A secondary facultative pond near 
Amherstview, Ontario was used as a field study location. Observed results in this site show
significant thermal stratification during the summer season.    

LITERATURE REVIEW

Wastewater stabilization ponds (WSP) have been studied significantly as a secondary or tertiary
treatment option, focusing on disinfection, reducing turbidity, and nutrient load in an effluent 
stream (Gu & Stefan, 1995; Sah, Rousseau, & Hooijmans, 2012).  

Although used in all regions, WSPs are particularly useful in rural and remote communities, 
owing to their lower maintenance, operation, and capital costs (Senzia, Mayo, Mbwette, Katima,
& Jørgensen, 2002). When designed and operated correctly, WSPs are an effective tool for water
treatment, reaching removal efficiencies for coliform of 99.99% and 100% removal of protozoan 
cysts and helminth eggs (MacDougall, 2017). WSPs can function as either aerobic, anaerobic, or 
facultative (combination) systems, employing several natural biologic processes found in bodies 
of water to self-purify. Notably, several species of bacteria, algae, and invertebrates act in
tandem to fix nutrients such as phosphorus and nitrogen; as well as balance dissolved oxygen 
and pH (Spellman & Drinan, 2008). Specific to facultative WSPs, the interaction of 
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photosynthetic algae/ cyanobacteria and heterotrophic bacteria acts as a critical pathway for the 
removal of BOD and nutrients, as well as some pathogens (Sah et al., 2012).

Early WSP design guidelines focused on water volume with adjustments due to temperature such 
as Gloyna’s equation  in 1971. Hydraulic retention time was introduced later as a design
parameter, under the assumption of a completely mixed system. In the 1990s, models were 
introduced accounting for geometry and assuming a combination of plug and completely mixed 
flow.  (Aldana, Lloyd, Guganesharajah, & Bracho, 2005). The most recent design manual
incorporates loading rate, short circuiting prevention, number of cells, and bathymetry; but
remains a fundamentally empirical process  (Spellman & Drinan, 2008). These techniques have 
not adequately modeled real world systems. Traces studies have shown that hydraulic retention 
time can be 50% of nominally predicted values, due to short circuiting, unsteady flow rates, and
sludge accumulation (Persson, 2000). Temperature differentials between the bottom and surface 
of WSPs of up to up to 8°C have also been observed (Gu & Stefan 1995). 

Accurate hydrodynamics are critical for correct modeling of the biochemical processes
responsible for treatment. The spatial variability of aerobic and anaerobic zones, temperature 
stratification, and flow speeds presents conditions that are not adequately captured through a 
plug flow reactor assumption. Moreover, variable inputs (such as environmental conditions and 
changing inflows) are not captured by empirical design formulas, but are included in 
hydrodynamic models (Sah et al., 2012). 

Several hydrotechnical models have been proposed to describe WSPs; however, relatively few 
models have incorporated both biochemical processes and been accurately validated against real 
world performance (Sah et al., 2012). An early model (Gu & Stefan 1991) using the MINLAKE 
model adapted to account for WSPs specifically investigated the effect wind mixing had on 
stratification. After calibration, the model performed relatively well, but was only validated 
against temperature data. A later model using HYDRO-3D was completed in 2005 (Aldana et al.
2005). This study was unique in also validating against a physical model, as well as a full-scale 
pond.

A recent investigation simulated a complete WSP using Delft3D, a hydrodynamics and water
quality modeling package (Sah et al. 2011). This model incorporated wind effects, and was three 
dimensional. Wind was used as a driver of the FLOW (hydrodynamics) module, and water
quality was modeled. This model was not validated against observations, however, it showed 
considerable promise towards using Delft3D to model WSP systems.  

METHODS

Delft3D is an open source, coupled, three-dimensional, finite difference numerical modeling 
package for coastal and estuary environments (Deltares 2014). Delft3D is commonly used in 
both industry and academic settings thanks to its flexibility and open source code. Specific to 
WSP applications, Delft3D is coupled to an included water quality model (WAQ). 

A Delft3D model was created incorporating water levels, wind, influent water and air 
temperature fluctuations, solar radiation. The model was based on three coupled grids, allowing 
the moderately complex geometry of the site to be included. Delft3D grids are regular and
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Figure 1. Site overview in Amherstview, Ontario, Canada with computational grid, flow path, sampling locations, and water depth 

orthogonal and implemented in this model at a resolution of 1 to 3 m2. The model was run using 
a 1.2 second time step to preserve hydrodynamic continuity. 

The Delft3D model was validated again st a secondary facultative WSP facility, receiving 
municipal wastewater after primary treatment was completed. During the summer, the WSP 
received approximately 30 L/s of inflow through an open discharge pipe at the north-west corner 
of the bed. A rubber baffle (visible in Figure 1 as a dashed line) separated the inflow and outflow 
sides of the site. Water flowed through 12 individual 1 m2 holes in the west side of the grid, 
requiring the higher resolution grid in this area. Water flowed out on the south-west side via an 
open weir.  

Field results were collected using a Hydrolab DataSonde in vertical profiles taken at 12 points, 
marked in Figure 1. Data was saved at 13 vertical depths for each location. Results were 
processed to interpolate temperatures along the flow path, as shown in Figure 1.  

RESULTS AND DISCUSSION

Figure 2 displays selected temperature profiles along the flow path taken on July 6 and July 13. 
Flow entered the WSP on the lower corner of the plot, and exited on the top right. Flow through 
the holes in the baffle occurs at 375 m. Results show stratification throughout the length of flow 
through the system, with temperature differentials of up to 5 degrees being observed.  

These results suggest that perfectly mixed or plug flow models may not accurately capture the 
flows at play in WSP systems, consistent with previous investigations. Both plug flow and 
completely mixed assumptions predict more consistent conditions throughout the treatment 
length. 
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Figure 2. Observed temperature profiles 

The results point towards the use of Delft3D to model these systems. As a full hydrodynamic 
model, Delft3D contains the required implementations to capture the complex processes at play 
in WSPs. Furthermore, the included water quality coupling module simplifies the process of 
including key environmental parameters in simulations, describing a complete hydrodynamic 
and biochemical picture.

CONCLUSIONS

Wastewater stabilization ponds (WSPs) are a well-established treatment technique. Particularly 
well suited for use in rural or remote communities, WSPs have the capacity to effectively treat 
wastewater using natural and biological processes. Existing design guidelines for WSPs rely on 
empirical equations and either completely mixed or plug flow assumptions. Data collected from 
a WSP using vertical temperature profiles showed significant thermal stratification varying 
throughout the treatment path. These results support the use Delft3D as a hydrodynamic model 
to analyze WSPs, to account for the observed thermal stratification and accurately model 
biochemical treatment processes. 
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Introduction
A small-scale decentralized system, that can recycle hand washing water, offers tremendous 
value both in the developed and developing world. Biologically activated membrane bioreactors 
(BAMBi) are a promising treatment solution. Biological systems however, require a balance of 
components, and this balance may not be correct in hand washing water. Supplementing nutrients 
can be an effective strategy to improve treatment (Jefferson et al. 2001).  

To better understand how nutrient-balancing impacts hand washing water treatment in 
BAMBi, we estimated both the nutrient content of hand washing water and the nutrients 
necessary for balanced biological treatment. A synthetic hand washing water recipe was 
developed to mimic real inputs to hand washing water, supplemented with nutrients and 
evaluated in the full-scale BAMBi. This treatment was highly-effective, with over 95% removal 
of the organic carbon and 90% removal of nitrogen. Additional testing is being conducted with 
water that is not nutrient-balanced to investigate reductions in performance.  

Material and Methods
A BAMBi has been constructed using a 52-L plastic tank and a 150 kDa ultrafiltration membrane 

at 10 RPM) at a rate of 3.75 L/day, plus 61.25 L/day tap water, and aerated at a rate of 20 L/min.  

Figure 1. Process schematic for a BAMBi hand washing water recycling system. All water is transported using
laboratory pumps. Concentrated feed is mixed at 10 RMP.

Results and Conclusions
A representative hand washing water composition is presented in the first data column of Table 
1a (Surendran and Wheatley 1998, Jefferson et al. 2004). The second data column of Table 1a
presents an estimate of the nutrient requirements for bacterial growth (Egli 2015). Table 1 third 
data column presents the nutrient requirements we expect the bacteria will need to treat the
carbon in real hand washing water based on the ratio in the second data column. The nutrients 
marked with boxes are the nutrients that we expect to be deficient. 



Contributions to hand washing water from dirt, skin, body oils and the components of soap 
have been compiled from emission estimates, monitored hand washing studies and commercial 

Table 1. a) Nutrients and concentrations expected to be found in representative hand washing water and the 
concentrations estimated to be required for biological treatment. The nutrients shaded boxes need to be supplemented 
to achieve nutrient-balance. b) components added to the concentrated greywater mix. 

soap recipes. Table 1b reflects this synthetic hand washing recipe designed to reflect the sources 
and compositions of inputs, supplemented with the nutrients in which we expect it to be deficient. 
The concentration of NaCl has been increased to enable future electrolysis post-treatment testing. 

Figure 2. DOC of BAMBi permeate over 80 days. Figure 3. NO3 of BAMBi permeate over 80 days.

This nutrient-balanced synthetic hand washing water was then tested in a household-scale 
BAMBi over 80 days. The concentrations of DOC and total nitrogen in the feed water were 130 
mg/L and 31 mg/L respectively, 10 mg/L as ammonia. The membrane permeate displayed DOC
(Figure 2) averages of 4.8±3.2 mg/L (standard deviation), ammonia generally at or close to the 
quantification level of 0.2 mg/L and nitrate (Figure 3) averages of 3.5±1.5 mg/L, reflecting 
approximately 95% DOC removal, complete nitrification and 90% removal of total nitrogen. 
Additional testing is currently being conducted to evaluate the performance of BAMBi when the 
hand washing water is not nutrient-balanced. In conclusion this project presents a valuable recipe 
for synthetic hand washing water, presents a nutrient supplement to compliment this water and 
then demonstrates how nutrient-balanced water can be effectively treated in a BAMBi system.
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a)
Component

Concentration expected in real 
hand washing water (mg/L)

Ratio of component to 
carbon in biomass (g/g)

Target concentrations to 
balance to carbon (mg/L)

b)        
Chemical

Mass per 25L of 20X 
concentrate (g)

C 130 1 130 SDS 105
N 13 0.24 31 Glycerol 37.5
PO4 0.53 0.18 24 Lactic acid 0.55
S 21 0.02 2.6 Humic acid 1.28
Ca 63 0.02 2.6 Kaolin 11.5
K 7.6 0.02 2.6 NH4Cl 19.9
Fe 0.02 0.01 1.3 NaNO3 63.1
Mg 6.9 0.01 1.3 HNa2PO4•2H2O 22.4
Mn 0.05 4.2 x 10-5 5.5 x 10-3 Na2SO4 5.76
Cu 8 x 10-3 6.7 x 10-5 8.7 x 10-3 KCl 2.48
Al 4 x 10-3 4.7 x 10-5 6.1 x 10-3 Cl2Fe•4H2O 2.21
Zn 0.04 1.6 x 10-5 0.02 Cl2Mn•4H2O 0.01
Mo 0 5.3 x 10-5 6.9 x 10-3 Cl2Co•6H2O 0.001
Co 0 5.3 x 10-5 6.9 x 10-3 NaCl 48.7
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Abstract: Two new resource toilet systems with forward osmosis technology were 
designed in this study in contrast to traditional public toilet system (Scenario A). One was
partial resource recovery toilet system (Scenario B) concentrating yellow water to produce
liquid fertilizer and another was complete resource recovery toilet system (Scenario C)
treating both brown water and yellow water. The methodology of cost-benefit analysis and 
Life Cycle Assessment were applied to analyze the economic and environmental benefit of 
these systems and to evaluate the feasibility of extension in the future. As results indicated,
Scenario B proved to have the most economic benefit and lowest environmental impact,
when compared with Scenario A and Scenario C, while the largest limitation of Scenario B 
and C came from the cost of construction and the consumption of electricity. The result 
also confirmed the potential of new resource toilet, especially Scenario B, as a better choice 
when constructing toilets.
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INTRODUCTION
The discharge of black water from the toilet which includes human excrement and flush water
will not only cause the waste of nitrogen, phosphorus and other nutrients, but also increase the 
amount and difficulties of the sewage treatment. Averagely, an adult produces 1.5 kg urine 
and 0.14 kg feces per day, containing 11.5 g nitrogen, 1.5 g phosphorus and 3.15 g potassium,
and of which about 88% of the nitrogen, 67% of the phosphorus and 73% of the potassium are 
contained in the urine (Benetto et al. 2009; Karak & Bhattacharyya 2011). Traditional black 
water treatment and re-utilization methods have five processes, including collection, storage, 
transportation, treatment and re-utilization (in a specific system, some processes could be 
omitted). However, the high cost of construction and operation, the security risks and other 
issues limit the promotion of the traditional way in rural areas. In addition, the nitrogen, 
phosphorus and potassium removed from the wastewater by using a lot of material and energy 
are basic nutrients which can be reused in agriculture and forestry. Therefore, how to recover 
nutrients from black water, improving social, environmental and economic benefits with low 
investment and operating costs has become a focus of current technology research (Etter et al. 
2011). 

As a sustainable membrane technology, forward osmosis (FO) has a significant advantage in 
the concentration of nutrient-rich wastewater. FO membrane has a draw solution side running 
a high concentration solution and a feed solution side running the target solution that needs to 
be concentrated. In the concentration process, water diffuses from the feed solution into a 
draw solution through a dense, semipermeable FO membrane and the osmotic pressure is the 
driving force of water transport (Hancock N. T. et al. 2011; Lutchmiah K. et al. 2014). The 
main advantages of FO membrane technology in comparison with other membrane 
technology such as reverse osmosis (RO), electrodialysis (ED) etc. are: a) no need for external 
pressure and low membrane strength requirement, b) low fouling propensity and quick 
recovery when polluted, c) high rejection to the ions (Cath et al. 2006). Based on the 
advantages of the FO, it enables concentration of a range of challenging, nutrient-rich 



streams, achieving high enrichment factors for streams (Xie et al. 2016). It can be used for the 
concentration of source-separated urine (yellow water) as well and the concentrated urine can 
be used as liquid fertilizer for agriculture and forestry. Thus, the aim of sewage treatment and 
nutrients recovery will be both achieved. At present, a number of research work and 
institutions have involved in this field. The FO membrane produced by HTI company was 
used to concentrate the synthetic urine in a laboratory-scale (Zhang et al. 2014). The result 
indicates that the rejection rate of organic nitrogen (urea) can only reach 20-50%, but the 
rejection rate of ammonia that is generated from the hydrolysis of the urea can reach 50-80%, 
and the rejection rate of phosphorus and potassium can reach more than 90%. National 
Aeronautics and Space Administration (NASA) use a two-stage FO infiltration system to treat 
urine and recycle water, and the rejection rate can reach more than 95%, and the recovery of 
water can reach 98% (Cath et al. 2005a, b). At the same time, there are also a number of 
research work focusing on the benefit of new toilet system from economic and environment 
perspective. Ishii & Boyer (Ishii S. K. & Boyer T. H. 2015) used Life Cycle Assessment 
(LCA) and the method of adding select economic impacts to compare urine source separation 
with struvite precipitation and centralized wastewater treatment. The result shows that the 
economic impacts is close (<13% difference) while the urine source separation with MgO 
addition for high P recovery has a significant environmental benefit. Gao (Gao et al. in press) 
compared the economic and environmental benefit of five Chinese rural toilet technologies 
with the method of input-output and LCA, resulting in collocation suggestions between actual 
situations and technologies. 

In view of the fact that there are few practical engineering application examples of the FO 
membrane technology, it is worthy to set up a pilot-scale resource toilet with FO membrane 
technology to study the design methods and application effects. Therefore, a pilot-scale 
resource toilet serving 500 persons each day was built in the northwest corner of the 
playground of Tsinghua University Primary School in October 2015 by our research group
(Xu et al. in press). However, besides the application effects, inspired by above research work, 
it is necessary to evaluate the economic and environment benefits comprehensively for 
possible extension and construction in the future. 

METHODS
Considering the differences of the supply and drainage infrastructure conditions in different 
regions, two scenarios were designed in this study (Figure1), one is partial resource recovery 
toilet system concentrating yellow water to produce liquid fertilizer and another is complete 
resource recovery toilet system treating both brown water and yellow water.

Scenario A: the traditional public toilet system, relying on tap water for flushing and 
discharging the sewage into the municipal drainage pipe network and getting treated in
wastewater treatment plants; Scenario B: the partial resource recovery toilet system, using 
source-separated toilet to collect urine (yellow water) and feces (brown water) separately,
obtaining liquid fertilizer from concentrating yellow water by FO system, reclaiming flushing 
water from draw solution recycling by RO system, and discharging brown water into the 
sewer; Scenario C: the complete resource recovery toilet system, on the basis of Scenario B, 
treating brown water with anaerobic digestion in order to achieve the complete resource
recovery and it can also be separated from the municipal water supply and drainage system
when concentrate a part of brown water to produce enough flush water, ending in an 
independent closed circuit. 

In this study, Cost-Benefit Analysis and Life Cycle Assessment (LCA) will be used to
evaluate the advantages and disadvantages of three kinds of toilet system scenarios 



respectively, based on the performance and test data of the pilot-scale resource toilet system 
in preliminary research. 

Figure 1. Simplified schematic of three scenarios; both FO and RO membrane have a high 
rejection rate of trace organic compounds (TOrCs), making sure the safety of using reclaimed 
water to flush (Hancock N. T. et al. 2011). 

Cost-Benefit Analysis

The economic net present value (ENPV) is an absolute indicator of the net contribution of the 
project to the national economy (Gao et al. in press). It is calculated by the following 
equation: 

ENPV = C (1 + i)  1

Where n is the periods (years); Ct is the difference between the total benefit and the total cost 
in t years (104 CNY); i is social discount rate (%), and according to the document of National 
Development and Reform Commission and Ministry of Housing and Urban-Rural 
Development of the People’s Republic of China, social discount rate of long-term 
environmental protection project should be less than 8%, thus i equals 8% in this study.

According to the ENPV calculation result, the project is feasible in economy when its result is 
greater than or equal to zero, while the project with a higher calculation result is better when 
comparing two projects (Del B. C. & Florio M. 2010). Assumption was made that a 50 m2

toilet, equipped with 6 closet pans for the female and 2 closet pans and 2 urinals for the male 
would be built in a park or scenic spot, producing 1.05 m3 urine and 0.35 m3 feces per day 
when analyzing the cost and benefit of the three toilet systems.

Life Cycle Assessment

Life Cycle Assessment (LCA) is the compilation and evaluation of the inputs, outputs, and the 
potential environmental impact of a product system throughout its life cycle (ISO 14040
2006), and can be applied to systematically characterize the environmental impact of the 
operation and construction of sanitation systems (Remy & Jekel 2012).  

In this study, all processes for black water (or yellow water and brown water in Scenario B 
and C) collection and treatment are built in spreadsheet format and described in a substance 



flow model using the LCA software Gabi. The considered functional unit of the LCA is the 
treatment of 1.05 m3 urine and 0.35 m3 feces; the boundaries (Figure 2) include flushing in 
toilet use and treatment in WWTPs (Scenario A) or concentration and anaerobic digestion 
with FO system, RO system and anaerobic digestion tank (Scenario B and C). The key 
objective of this part is to compare new resource toilet with traditional toilet from 
environment perspective and figure out the obstacles and limitations of the new resource toilet 
which should receive specific research efforts to make it environmentally sustainable in next 
stage.

a. Scenario A

b. Scenario B c. Scenario C

Figure 2. System boundaries of three scenarios; a-Scenario A, b-Scenario B, c-Scenario C
(replace WWTPs in b with the flow chains in c; garden biowaste can be added if needed).

RESULTS AND DISCUSSION
Resource recovery

In the actual operation of the toilet, the concentration factor of yellow water is 2.5. The 
reclaimed water can meet the consumption demand of the toilet flushing water, and the feces 
can be treated to meet the standard of Sanitary standard for the non-hazardous treatment of 
night soil (Ministry of Health of China 2012). The general operation aspects are shown in 
Table 1. 

Table 1. The overall performance of the toilet system.

Items Parameter Before concentration After concentration

Urine

Volume (m3) 1.05 average 0.42 average
pH 9.1-9.3 9.1-9.3

TP (g/L) 2.11 4.14
TN (g/L) 2.46 3.16

NH3-N (g/L) 1.63 1.78COD (g/L) 4.03 6.96
K (g/L) 0.58 0.97

N+P+K (g/L) 5±1 10±2

Reclaimed water
Volume (m3) 0.63 average
TDS (mg/L) 900±100

Economic Benefits



To compare the economic benefits of three different toilet systems, the cost-benefit flows of 
these systems are analyzed in following tables.

Table 2. Cost-benefit flows of three toilet systems.
Items Scenario A Scenario B Scenario C
Cost (104 CNY)a

Civil building and decoration cost b 13.50 24.30 27.00
Pipes cost c 0.47 0.41 0.41
Equipment cost d 0.92 34.47 38.47
Annual tap water and sewage treatment 
cost e 2.05 0.56 0.44 

Annual operational cost f 1.20 3.16 3.36
Annual material cost g 0.00 0.40 0.40
Annual depreciation cost h 0.00 1.72 1.92
Benefit (104 CNY)
Annual liquid fertilizer benefit i 0.00 17.25 17.25
Annual biogas benefit j 0.00 0.00 0.02
Annual biogas residue benefit k 0.00 0.00 0.00
a The currency exchange rate in Bank of China at July 13, 2017: 1 CNY= 0.1474 USD= 0.1293 EUR.
b Civil building and decoration cost will be influenced by different area and terrain, and ranges from 12 to 
15*104 CNY, and the average cost is 13.5*104 CNY. Scenario B needs an additional 40 m2 equipment room and 
Scenario C needs 50 m2 equipment room.
c Scenario A needs stainless steel pipes to connect with municipal pipe system.
d Scenario B and C need special vacuum urine diversion toilets, vacuum station (source-separation system has a 
significant effect in saving water and energy (Remy & Jekel 2012)), FO system, RO system and solar power
generation systems. Besides, Scenario C need one more group of solar power generation system and an 
additional 1.5 m3 anaerobic digestion tank.
e Scenario B and C do not need tap water to flush as designed, but in actual operation, it need to concentrate a 
part of brown water to cover flush water with reclaimed water, but it will cause clogging and decrease the quality 
of the reclaimed water, thus, 2 m3 tap water is provided to solve this problem each day. 
f Operational cost includes a 1,200 CNY per month expenditure for labor, training and a 172,000 CNY per year 
(5% of the equipment cost) expenditure for maintenance.
g Material refers to fertilizer additives, disinfectants, yellow water stabilization agents and membrane pollution 
control agents.
h Depreciation cost is calculated with the accounting method of annualized average discount amount, and the 
period is 20 years.
i Liquid fertilizer daily production is 0.42 m3 from 1.05 m3 yellow water with a concentration factor of 2.5. 
j Biogas production rate is 0.3 m3/m3. 
k The nutrient content of N, P and other nutrients contained in the feces collected by the source-separation is low 
and the biogas residue produced by anaerobic digestion do not have the feasibility of selling.
Furthermore, since some of the external benefits have little or no influence on the results of 
the calculation, the cost-benefit flows in Table 2 do not fully calculate all indirect benefit, 
such as benefit of reducing urban water supply and wastewater treatment facilities 
construction costs, reducing environmental degradation costs caused by water pollution, 
improvement of global atmospheric environment resulting from water conservation, 
improvement of local eco-environmental quality by reducing pollutant emissions and so on. 

Calculate the ENPV with equation (1) to compare the economic benefits of three scenarios, 
and the results is shown in Table 3. 

Table 3. The ENPV results of three scenarios. a

Systems ENPV (104 CNY)

Scenario A -46.80



Scenario B 52.85

Scenario C 43.86
a during 20 years operating period

Table 3 indicates that Scenario A is not feasible from economic perspective and its ENPV 
result is negative because of using a large number of tap water for flushing. In contrast to 
Scenario A, although a great investment is needed in construction and equipment (Table 2),
the new resource toilet is feasible and both Scenario B and C have positive ENPV results 
because of the application of FO technology and RO technology to concentrate yellow water, 
obtaining reclaimed flushing water and liquid fertilizer which results in additional economic 
benefits. Moreover, in view of the necessity to build more resource recovery facilities and 
equipment in Scenario C, Scenario B which simply recover nutrients in the urine is more 
feasible from economic perspective.  

Environmental impact

Figure 3 provides an overall comparison between Scenario A, B and C. Scenario B and C 
have a cheaper environmental cost but the soil pollution is more serious because of the use of 
liquid fertilizer and biogas residue production while Scenario A treat black water in WWTPs 
and discharge into surface water achieving a positive environmental impact in ecotoxicity air 
and soil aspects. However, when it comes to global warming air, acidification air, 
eutrophication, ozone depletion air, air and water pollution, Scenario B and C have the 
significant environmental benefit in contrast to Scenario A. The reason is that water and 
nutrients can be reclaimed and recovered through FO and RO system. Besides, there are little 
differences between Scenario B and C as Figure 3 shows, indicating that using anaerobic 
digestion to treat brown water does not have a great environmental benefit. But if Scenario C
concentrated a part of brown water to maintain the balance between reclaimed water and 
flushing water to separate municipal water supply and drainage system completely, the 
environmental impact would be high. 

Figure 3. Environmental impact of each scenario; GWP-global warming air, AP-acidification 
air, EP-eutrophication, ODP-ozone depletion air, EA-ecotoxicity air, ES-ecotoxicity soil, EW-
ecotoxicity water, HA-human health cancer air, HS-human health cancer soil, HW-human 
health cancer water, HCA-human health criteria air, HNA-human health non cancer air, 
HNS-human health non cancer soil, HNW-human health non cancer water, SA-smog air. 



In Figure 4, Scenario B has been broken down into its operating parts. The toilet use 
contributes the largest environmental cost in the aspects of global warming air, eutrophication, 
ozone depletion air and ecotoxicity water. That is mainly because the use of tap water which 
need a lot of chemicals such as Polyacrylamide (PAM), chlorine dioxide and etc. in its 
production process. FO and RO system, by contrast, has little environmental impact in global 
warming, eutrophication and ecotoxicity water but a great environmental impact in ozone 
depletion, ecotoxicity air and soil, and smog. Being powered by photovoltaic cell makes a 
great contribution to this results. Using sodium chloride solution as draw solution brings a few 
of environmental cost in FO process.  

If the electricity of all system in Scenario B was supplied by coal-fired power plants, the 
result would be different, as Figure 4 shows. It is also a sensitivity analysis where energy 
consumption has been selected to evaluate the influence on the resulting environmental 
impact for Scenario B. It suggests that FO system and RO system contribute the largest 
environmental cost because of the electricity consumption. The reason of high energy 
consumption, at present, is the low flux rate of the membrane in FO and RO process. 
However, toilet use still has a high impact to ozone depletion and water pollution because of 
the use of tap water which has a chlorination process.  

Figure 4. Environmental impact of each operation parts of Scenario B in different electricity 
supply modes; the highlights in ES with a red frame are negative values referring to positive 
environmental impacts.

CONCLUSIONS 
In this study, Scenario B (the partial resource recovery toilet system) proved to have the most 
economic benefit and lowest environmental impact, when compared with Scenario A (the 
traditional public toilet system) and Scenario C (the complete resource recovery toilet 
system). The conclusions are summarized as follows:

1) From economic perspective, Scenario B and C is more feasible than Scenario A. Scenario
B is a better choice for areas where drainage facilities are available when constructing toilets,
while Scenario C could be applied in areas without drainage facilities if needed.

2) From environment perspective, Scenario B and C, powered by photovoltaic cells have a
lower environmental impact than Scenario A. Otherwise, the consumption of electricity will
also result in a great environmental cost when they are powered by coal-fired power plants.

3) The largest limitation of Scenario B and C comes from the cost of construction and the
consumption of electricity. Thus, how to increase the flux rate and the efficiency of FO
system is one of the emphases for future research. The cost will reduce with the extension of



construction scale, the standardization of the equipment and the further innovations of the 
technology accordingly. 
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Reviewers comments:
Add more results in the abstract. 

Replication:
The abstract has been extended to this full paper. Here are the abstract and conclusions:

Abstract: Two new resource toilet systems with forward osmosis technology were designed 
in this study in contrast to traditional public toilet system (Scenario A). One was partial 
resource recovery toilet system (Scenario B) concentrating yellow water to produce liquid 
fertilizer and another was complete resource recovery toilet system (Scenario C) treating both 
brown water and yellow water. The methodology of cost-benefit analysis and Life Cycle 
Assessment were applied to analyze the economic and environmental benefit of these systems 
and to evaluate the feasibility of extension in the future. As results indicated, Scenario B 
proved to have the most economic benefit and lowest environmental impact, when compared 
with Scenario A and Scenario C, while the largest limitation of Scenario B and C came from 
the cost of construction and the consumption of electricity. The result also confirmed the
potential of new resource toilet, especially Scenario B, as a better choice when constructing 
toilets.

Conclusions

In this study, Scenario B (the partial resource recovery toilet system) proved to have the most 
economic benefit and lowest environmental impact, when compared with Scenario A (the 
traditional public toilet system) and Scenario C (the complete resource recovery toilet 
system). The conclusions are summarized as follows:

1) From economic perspective, Scenario B and C is more feasible than Scenario A. Scenario
B is a better choice for areas where drainage facilities are available when constructing toilets,
while Scenario C could be applied in areas without drainage facilities if needed.

2) From environment perspective, Scenario B and C, powered by photovoltaic cells have a
lower environmental impact than Scenario A. Otherwise, the consumption of electricity will
also result in a great environmental cost when they are powered by coal-fired power plants.

3) The largest limitation of Scenario B and C comes from the cost of construction and the
consumption of electricity. Thus, how to increase the flux rate and the efficiency of FO
system is one of the emphases for future research. The cost will reduce with the extension of
construction scale, the standardization of the equipment and the further innovations of the
technology accordingly.
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Summary
The following paper shows how biofiltration can be an effective pre-treatment option to reduce membrane 
fouling and increase performance on gravity-driven ultrafiltration, i.e., ULP-UF.
Keywords
Ultra-Low-Pressure Ultrafiltration Process (ULP-UF); natural organic matter (NOM), Biopolymers, Liquid 
chromatography-organic carbon detection (LC-OCD)
Introduction
The ULP-UF aims to be a suitable and feasible solution to be used on decentralized drinking water treatment 
plants in remote and rural areas worldwide, since it is easy of handle and requires no chemicals and energy 
consumption during its operation.
ULP-UF may face some problems regarding the quality of the raw water; especially those related to 
increasing membrane fouling or re-growth of bacteria on permeate water. In addition, ULP-UF faces 
operational and maintenance problems when treating water with high content of NOM, especially 
Biopolymer and Humic Acids [1] [2].
Pretreatments for ULP-UF in lab scale have been already proposed [3] [4]. However, a suitable and affordable 
pre-treatment method to integrate higher removal of contaminants, lower rate of losing permeability, and 
lower cost of the whole treatment process is still a challenge [5] [6].
Biofiltration can be an effective pre-treatment for the removal of NOM components that cause membrane 
fouling, especially organic colloidal material such as biopolymers (polysaccharides, protein and amino 
sugars) [7] [8].
Materials and Methods
Two pilot plants based on ULP-UF process were put into operation at the University of Kassel and by 
using modified raw water from a River. Pilot plant 1 consisted on a PAUL filter, which is a very simple, 
robust and small gravity-driven membrane unit (ULP-UF) without any pre-treatment step. Pilot plant 2 
comprised an Up-flow Gravel Filter (UGF) and Slow Sand Filter (SSF) as pretreatment of a ULP-UF. 
Both pilot plants used an UF module, PES material and MWCO of 150 kDa. NOM components were 
separated and quantified by Liquid chromatography-organic carbon detection (LC-OCD).
Results
Figure 1 shows that UGF-SSF together is an effective pretreatment process for the reduction of biopolymers 
and thus decreasing of operational maintenance in ULP-UF.

a)        b) 
Figure 1. LC-OCD chromatograms with NOM fractions in a) pilot plant 1 and b) pilot plant 2 



Figure 2 shows that by UGF-SSF filter as pre-treatment step, the flux can be increased almost at double in 
comparison to a ULP-UF without pre-treatment. Figure 2 shows the flux of PAUL without and with UGF-
SSF filter as pre-treatment.

Figure 2. Flux stabilization of the dead-end ULP-UF without pretreatment and with UGF-SSF as pre-
treatment and using as feed water modified raw water with higher TOC/DOC content

Conclusion
This study shows that the ultrafiltration at very low pressures (ULP-UF) can be installed together with a pre-
treatment of easy maintenance to increase the flux. In this way, an ULP-UF can be part of a decentralized 
small scale system to treat water for remote and rural areas with polluted raw water sources in terms of 
organic matter and pathogen content. 
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Introduction: In small wastewater treatment plants, the search for more energy-efficient 
treatment systems has become fundamental. Membrane Aerated Biofilm Reactors (MABRs),
where the biofilm is supported on and aerated by a gas permeable membrane have been 
researched exhaustively since they are able to achieve high oxygen transfer efficiencies (up to 
100%) and great energy savings (Esteban et al., 2012, Aybar et al., 2014). Satisfactory results 
of nutrient removal were obtained in pilot studies using synthetic wastewater, but the potential 
for application in real urban raw wastewater is very limited because the low concentration of
readily biodegradable substrate hampers the growth of enough biomasses in the biofilm. In
recent years IFAS (integrated fixed biofilm activated sludge) processes have attained very 
successful results (Rutt et al., 2006) in full scale plants because high nitrification rates in the 
biofilm and satisfactory denitrification and phosphorous removal in suspension biomass were
obtained. It was thought that the combination of the MABR with the IFAS concept 
(MABR-IFAS process) could overcome the limitations of the MABR process. Thus, the first 
objective of this paper was to establish the operational criteria that lead to the optimum 
performance of the MABR-IFAS process in an experimental study for nitrogen removal.
Then, the calibration of the MABR-IFAS process model from the experimental results was 
undertaken. Thus, the second objective was to establish the optimum design and operation 
conditions for the MABR-IFAS process using systematic simulation studies with the 
calibrated model. 

Experimental study: Material, methods and experimental results

The laboratory plant consisted of only one 15 litres reactor operated in anoxic conditions that 
contained one Kubota flat membrane of 0.11 m2 (MSA: 7m2/m3) through which air was 
supplied at an inlet pressure of 7 Kpa. Quasi-real raw urban wastewater with the following 
average concentrations: m filtere and 
NH4- , was fed to the reactor, with an additional NO3-N dosage to hinder nitrate 
limiting conditions, maintaining effluent nitrate concentrations always higher than 2mg/L. The 
MABR- IFAS reactor was operated for 145 days and after several adjustments the final HRT 
was 14 hours in order to maintain effluent ammonium concentrations always higher than 
4mg/L. The SRT resulted in 8 days so that a MLSS concentration of around 3000 mg/L was 
maintained. High average denitrification rate of 134gN/m3d at 20ºC was achieved. Batch tests
revealed that 95% of denitrification took place in suspension as desired, thereby indicating that 
most of the biodegradable COD (dissolved and particulated) was removed via heterotrophic
denitrification in suspension. High average nitrification rates of 3gN/m2d were achieved. Batch 
tests showed that 90% of nitrification took place in the biofilm as intended. This was due to 1) 
operating with non ammonium limiting conditions in the biofilm (the half saturation constant
for NH4-N is 1mg/L), and 2) biodegradable COD was removed anoxically in suspension,
preventing the inhibition of nitrifying bacteria in the biofilm. In summary, the operational 
criteria for optimum performance of the MABR- IFAS process were established.
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Simulation studies: Materials, methods and results
For modelling purposes, the MABR-IFAS process was implemented in AQUASIM simulation 
software using the ASM2d biochemical model for nutrient removal and the colloid biofilm 
model developed at CEIT (Albizuri et al., 2014). The calibration process consisted in a stepwise 
iterative procedure, with adjustment of predefined fitting parameters in order to match the 
experimental results. Thus, the biofilm detachment coefficient was adjusted to obtain a biofilm 
thickness of 160 microns, and membrane mass transfer coefficient and boundary layer 
thickness were adjusted to 3m/d and 100μm respectively. Default values of the ASM2d model 
were not necessary to adjust. In the optimization process, another stepwise iterative procedure 
was applied in which the membrane surface area (MSA) and the membrane air pressure 
(MAP) were adjusted in order to match (as constraint) an effluent NH4-N of around 4 mg/L. 
The hydraulic and solid retention times (HRT and SRT) were adjusted to match predefined 
MLSS. Regarding the results of the design optimization at 12ºC and MAP of 40Kpa, figure a),
shows, as an example, that effluent nitrate concentration of 9-10 mg/l (which implies a TN of 
about 16-18 mg/L) can be obtained for HRTs from 2 to 3h (MSA: from 216 to 120 m2/m3) with 
design MLSS from 4000 to 2500 mg/L respectively. For the optimization of the operation,
figure b), (for a HRT=2.5h and MSA of 144 m2/m3), allows the determination of the air pressure 
and the MLSS concentration to be maintained depending on the temperature and the effluent
NO3-N concentration desired.  

Conclusions. It has been demonstrated that the MABR-IFAS is a very promising technology to 
be applied in small WWTPs with low space available and low energy requirement. To include 
phosphorous removal the sequencing batch reactor SBR (very compact) can be applied.
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Abstract 
Organics coming from pharmaceuticals and personal care products (PPCPs) persist in water and 

conventional treatment plants are not able to efficiently remove PPCPs. Ibuprofen (IBF) has high 

acute toxicity and its biological treatment forms toxic intermediates. Sonochemical treatment is 

insufficient to completely convert organics such as IBF to CO2 and H2O. Photocatalysis by TiO2

degrades IBF, however its complete mineralization is not reported yet. Here, first we investigated 

the mineralization of IBF to CO2 by TiO2 UV-A photocatalysis. Moreover, we replaced nano-sized 

P25 with a micro-sized commercial sample of TiO2 to preclude the use of nanoparticles dangerous 

for human health. Micro-TiO2 mineralized 100 % of IBF in 24 h. We deposited micro-TiO2 on glass 

Raschig rings to ensure an easy recovery and reuse of the photocatalyst, and we studied their 

performance both in a batch and continuous reactor. TiO2-coated glass Raschig rings degraded 87 

% of IBF in 6 h of UV-A irradiation in a continuous reactor, and they converted 25 % of it in CO2.

1. Introduction
Industrial and agricultural activities, transports, power generation and other human activities 

generate chemical products, whose misuse and improper disposal causes water pollution [1].

Organics coming from pharmaceuticals and personal care products (PPCPs) persist in water [2].

Domestic wastewater, hospital discharges, sewage treatment plants and water treatment plants are 

the way through which organic molecules enter in the water system [3]. PPCPs either retain both 

their original concentration and structure, or they convert to other compounds during their lifespan 

in aquatic matrices [4]. Concentration l ], which are enough to cause 

undesired physiological effects in wildlife and humans [6]. Conventional treatment plants are not 

able to efficiently remove PPCPs [7, 8]. Koplin et al. first detected pharmaceutical compounds in 

surface water [9]; in 2017 Glassmayer at al. analyzed drinking water and revealed several classes of 

chemical compounds, including pharmaceuticals [10, 11]. Feng et al. reviewed electrochemical 



advanced oxidation processes (EAOPs) for the removal of many anti-inflammatory and analgesic 

pharmaceuticals; they included aspirin, ibuprofen and ketoprofen as most significant considering 

their contamination levels in aqueous environment [12]. Ibuprofen (IBF), (RS)-2-(4-(2 

methylpropyl)phenyl)propanoic acid is globally consumed and has a high acute toxicity [13].

Moreover its biological treatment forms toxic intermediates [14]. Sonochemical treatment degrades 

organic pollutants [15], but without complete mineralization [16]. Peller et al. combined sonolysis 

and photocatalysis for the degradation of chlorinated organic compounds and reached their 

complete mineralization [17]. However, in case of IBP, sono- or photo-degradation produce long-

lived intermediates [18] or by-products that need a post-biological treatment as reported by Arriaga 

et al. [19]. 

Madhavan et al. [20] performed the sonophotocatalytic degradation of IBF using Fe3+, and P25-

TiO2: in 3 h, they reached 74 % mineralization by photocatalysis only, and 92 % mineralization by 

sono-photocatalysis. Many studies focused on photocatalytic degradation of IBF by TiO2: Choina et 

al. doped TiO2-P25 by Zr, improving the activity under UV light, but without reaching the complete 

mineralization [21]; others scientists focused on visible light photodegradation of IBF, as for 

example Yuan et al. [22], or El-Sheikh et al. [23]. They reached 100 % photodegradation of IBF 

under visible light, still without complete mineralization. Here, we report for the first time the 

complete mineralization of IBF by TiO2 UV photocatalysis. We replaced the reference among 

commercial TiO2 photocatalysts, i.e. nano-sized P25, with a micro-size commercial sample of TiO2

to avoid the use of nanoparticles, considering their potential harmful health effects [24] and their 

difficult management in water treatments plants [25]. Moreover, we deposited micro-TiO2 on glass 

Raschig rings and we studied their performance both in batch and in continuous reactor. This is 

significant for continuous processing in large-scale water treatment plants.

2. Materials and methods

2.1 Materials

Glass spheres and Rashig rings of different sizes (Fig.1) were coated with tailored ink containing a 

commercial TiO2 sol-gel by Cristal, or micro-sized TiO2 by Kronos (K1077). K1077 particles size 

and crystallographic phase composition was reported in a previous work [26]. It consists completely 

of anatase and its particles dimension ranges from 110 to 130 nm. A diameter greater than 100 nm 

ensures the particles are not inhaled or come into contact with cells [27].  



The ink was designed and developed for digital ceramic printers [28] and used for the production of 

photocatalytic industrial slabs [29], already tested as potential materials for drugs abatemet in water 

[30].  

Both glass balls and glass rings were immersed in the ink solution and then treated at 650°C for 30 

minutes to favour the adhesion of the formulation to the glass surface.

Glass Raschig rings had two different dimensions, i.e. 6 mm or 8 mm for both diameter and length 

(Fig. 1 and 2).

Fig. 1 Glass Raschig ring

Fig. 2 glass Raschig rings coated with a thin film of TiO2

We purchased IBF from Sigma Aldrich , as well as all the solvents used for the

analysis, i.e. dipotassium hydrogen phosphate (K2HPO4 3H2O, ReagentPlus® -

Aldrich) and Acetonitrile (CH3CN, HPLC grade). 



Fig. 3,A Setup for photocatalytic reactions with 

TiO2 in powder in batch mode.  

Fig. 3,B Setup for photocatalytic reactions with TiO2-

functionlized Raschig.  

UV-A (Iron halogenide lamp Jelosil, model HG 500, 500 W, 315–400 nm) tests in batch occurred 

in a glass cylindrical reactor 2 L volume. UV lamp distance from the reactor wall provided a 30 W 

m-2 irradiation intensity (Fig. 3,A).

UV-C (UVC germicide immersion lamp Jelosil, model GL8, 220 V, 50 Hz, 9 W) tests were

performed both in batch and in continuous mode. The tubular glass reactor was 35 cm in height, 5

cm in diameter, with an active volume of 600 cc volume (Fig. 3,B). Inlet/outlet ports are one on the

bottom and one on the top, either closed or connected in recirculation to an external tank,

respectively for batch or continuous tests, respectively (Fig. 3,B).

The UV-C lamp had a light intensity of 55 W m-2.

We followed the UV-A photodegradation of IBF in batch by K1077 TiO2 in powder form. Each test

lasted 24 h, withdrawing samples every 30 min for 6 h, with the last sampling after 24 h.

UV-C photodegradation of IBF occurred either by K1077 TiO2 or by TiO2-coated Raschig rings.

Batch tests lasted 24 h, while continuous kinetics lasted 6 h, sampling every hour. Temperature was

maintained constant at 25 ± 2 °C for both setups.

2.3 Analytical Instruments 

We monitored the IBF concentration by HPLC Agilent 1100 Series Instrument, with diode array 

detector and using a 125 mm × 4 mm C18 reverse phase column. The mobile phase composition 

was 78:28 K2HPO4 3H2O and acetonitrile, respectively. The buffer contained 2.3 g of 

K2HPO4 3H2O dissolved in 1000 mL of boiled ultrapure milli-Q water. A diluted solution of 

phosphoric acid (H3PO4) or NaOH adjusted the pH to 6.8±0.1 A TOC 5000A Shimadzu Instrument 

monitored the carbon contain to calculate the IBF mineralization.

2.2 Reactors and photocatalytic setups 



3. Results and discussion
3.1 Photodegradation of IBF in batch by micrometric TiO2

A B
Fig. 4 UV-A photolysis and photocatalytic degradation in batch mode. IBF degradation % vs. time (A) and 
IBF mineralization % vs. time (B)

A B
Fig. 5 UV-C (immersion lamp, setup fig. x) photolysis and photocatalytic degradation in batch mode. IBF 
degradation % vs. time (A) and IBF mineralization % vs. time (B)

For the UV-A photodegradation tests in batch, the presence of K1077 TiO2 increased the reaction 

rate degrading the total amount of IBF in 6 h (Fig 4,A) as already observed with other drugs [30].
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Indeed photolysis gave 63 % of degradation in the same time. However, after 24 hours the 

degradation was complete for both the kinetics. Photolysis is effective on the IBF degradation, but it 

converted 68 % of IBF to CO2 in 24 h. TiO2 completely mineralized IBF in the same time (fig 4,B).

Thus, mineralization trends are remarkably different and proved the activity of the catalyst. UV-C

photolysis showed higher IBF degradation than UV-A, degrading 99 % of organics in 6 h, and

increased mineralization up to 68 % after 24 h. However, only the presence of TiO2 gave the 

complete conversion of IBF in CO2 (fig 5A,B). 

3.2 Photodegradation of IBF using glass Raschig rings 

3.2.1 Raschig dimension optimization 

A B
Fig. 6 IBF UV photodegradation (A) and mineralization % (B) over time; comparison between TiO2-
functionalized Raschig with different dimension.

TiO2-coated glass Raschig catalyst decreases the IBF degradation compared to photolysis, because 

increasing glass layers, the intensity of the radiation reaching the organics to degrade decreases.

However, they are effective on the IBF mineralization: they converted 25 % of IBF to CO2 in 6 h 

compared to the 18 % conversion of photolysis. 

8 x 8 mm glass Raschig rings achieved higher degradation and mineralization % in compared to the 

6 x 6 mm ones (Fig 6). Ibuprofen final degradation was 87% 66 % using 6 x 6 mm and 8 x 8 mm 

Raschig rings, respectively; mineralization was 25 % and 13 %, respectively (Fig. 6,b). Results are 

consistent with the limitation of UV-C irradiation due to the increase of glass Raschig ring layers.

0
25
50
75

100

0 1 2 3 4 5 6 7

Degrad
ation, %

Time, h

UVC+RR(8X8)+TiO2UVC+RR(6X6)+TiO2 0
5

10
15
20
25
30

0 1 2 3 4 5 6 7

Minera
lization

, %

Time, h



While the active surface area is similar for the 6 x 6 and 8 x 8 rings (0.23 and 0.20 m2, 

respectively), the number of glass Raschig rings increased from 625 to 1030 using the smaller ones. 

3.2.2 TiO2-functionalized Raschig IBF photodegradation 

A B
Fig. 7 IBF UV C photodegradation (A) and mineralization % (B) over time; comparison between naked 
glass Raschig rings and TiO2-functionalized Raschig (optimized dimension).

Fig. 8 IBF mineralization % reached after 6 h of i) 
UV-C irradiation (photolysis), ii) photocatalytic 
degradation with TiO2 in powder and iii) 
photocatalytic degradation with TiO2-functionalized 
Raschig 

Fig. 9 IBF mineralization over time: comparison 
between photolysis and UV-C photocatalytic 
degradation with TiO2-functionalized Raschig
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We studied the contribution of the TiO2 layer by comparing 8 x 8 mm TiO2-coated glass Raschig 

rings with bare ones. TiO2 deposition increased the degradation of IBF from 71 % to 87 % in 6 h, 

and it increased the mineralization by 11 % (fig 7 A and B). A comparison between final 

mineralization % obtained by photolysis, photocatalytic reaction by TiO2 in powder, and 

photocatalytic reaction by TiO2-coated Raschig rings (Fig. 8) shows that: i) TiO2 increase the IBF 

conversion to CO2 comparing with photolysis, ii) powder efficiency is higher with a mineralization 

above 30 %, however iii) TiO2-coated Raschig rings increased the mineralization from 18 % 

reached by photolysis to 25 % (Fig 9). 

Conclusion
TiO2-coated Raschig rings are a real option for photocatalytic water treatment plants. 

We first proved that micro-TiO2 degrade and mineralize IBF. Replacing nano-P25 with it we 

avoided nanoparticles that have potential harmful health effects. We successfully deposited 

micrometric TiO2 on glass Raschig rings and we optimized their dimension to 8 x 8 mm to increase 

the IBF photodegradation in a continuous setup. In this way, we avoided TiO2 dispersed in water 

and any further filtration treatment. TiO2 on glass Raschig rings improved the IBF degradation and 

its complete conversion to CO2 in comparison with photolysis. Thus, they can be considered as 

innovative material to be applied in large-scale water treatment plants
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Abstract: This study investigated the potential of biochar as a filter medium for removal of 
pharmaceutically active compounds (PhACs) and wastewater macro-pollutants in on-site 
wastewater treatment systems. Removal of carbamazepine among other selected PhACs
was investigated over 22 weeks experiment in four treatments: biochar (BC) with active 
and inactive biofilm (BC-active-biofilm, BC-inactive-biofilm), biochar without biofilm for 
adsorption only (BC-no-biofilm) and sand with active biofilm (Sand-active-biofilm). 
Carbamazepine removal in BC-no-biofilm (98%) was high due to adsorption, while non-
existent removal was observed in Sand-active-biofilm, revealing low biodegradability of 
carbamazepine. Removal of carbamazepine in BC-active-biofilm was stable (>98%), while 
it declined with time in BC-inactive-biofilm. In conclusion, biochar is a promising filter 
material supporting active biofilm and adsorption for the removal of PhACs in on-site 
wastewater treatment systems.

Keywords: Adsorption; biochar; biodegradation; carbamazepine; onsite wastewater 
treatment

INTRODUCTION

Environmental pollution by residual pharmaceutically active compounds (PhACs) is a
growing problem (Fatta-Kassinos, 2010). Investments and developments in the 
pharmaceutical industry have resulted in continuous increases in drug production and PhACs 
are continually being released to the environment via wastewater. 

In Sweden, around one million people live in rural areas that are not connected to a public 
sewerage system, but instead use around 675,000 on-site sewage treatment facilities (OSSFs) 
(Ejhed et al., 2016; SMED, 2011). Sand filter and soil infiltration systems for on-site 
wastewater treatment systems have proven to be only partially efficient or inefficient in 
removal of different types of organic micro-pollutants, including pharmaceuticals. For 
example, Gros et al. (2016) reported no significant removal of acetaminophen in soil beds, 
while average to low removal was observed for other substances, such as 46% removal for 
ibuprofen, 86% for diclofenac, 44% for metoprolol and 73% for caffeine. Similarly, 
Matamoros et al. (2009) reported that well-functioning sand filters in Denmark achieved 
removal efficiency of >80% for the PhACs salicylic acid, ibuprofen and carboxy-ibuprofen, 
but failed to remove carbamazepine, diclofenac and ketoprofen. These studies demonstrate 



that many PhACs and probably also related metabolites and transformation products are able 
to pass through sand filters and enter groundwater or surface water resources.  

This study investigated the potential of biochar filters for on-site treatment of recalcitrant 
macro-pollutants i.e carbamazepine in on-site and small wastewater treatment systems.
Specific objectives were to: (i) investigate the removal of a model recalcitrant PhACs 
(carbamazepine) from wastewater via biodegradation, adsorption and a combination of both 
processes, and (iii) assess the efficiency of biochar filters with and without active biofilm in 
removal of carbamazepine from wastewater.

MATERIALS AND METHODS 

Lab-scale filter columns (60 cm x 5 cm, height x diam) were packed with biochar and tested 
using different treatments, allowing the study of biological degradation and adsorption of 
pharmaceuticals (Figure 1). The treatments included: (1) three biochar filters with active 
biofilm (BC-active-biofilm) fed with wastewater spiked with pharmaceuticals, (2) three 
biochar filters with non-active biofilm (BC-inactive-biofilm) fed with wastewater spiked with 
pharmaceuticals and sodium azide (to inhibit biofilm development), (3) two biochar filters 
with no biofilm (BC-no –biofilm) fed with ultrapure water spiked with pharmaceuticals and 
sodium azide. In addition, (4) three sand filters with active biofilm (Sand-active-biofilm) were 
packed and fed with wastewater to form active biofilm spiked with pharmaceuticals. A glass 
bead filter was used as control and was fed with ultrapure water. The wastewater and 
ultrapure water used were spiked with 10 g L-1 of model pharmaceutical compounds
including carbamazepine. These substances were selected according to their high therapeutic 
use, occurrence in wastewaters in Sweden, and recalcitrance during conventional wastewater. 
All the filters were fed continuously with wastewater for a period of 22 weeks. During the 
first five weeks of the experiment, and before dosing of pharmaceuticals, a biofilm were 
allowed to develop in the relevant treatments. Thereafter, the pharmaceuticals were dosed 
until the end of the experiment. The effluent from each filter was collected daily, cooled to 1-
2 °C, and accumulated over 7 days in brown glass bottles. Thereafter, the accumulative 
effluents were stored at -18 °C until extracted and analyzed.  

Pharmaceuticals were analyzed by solid phase extraction (SFE) followed by ultrahigh 
performance liquid chromatography (HPLC) coupled to a XevoQ2 quadrupole-time-of-flight 
(QToF) mass spectrometer. Prior to extraction, samples were filtered through 0.7 m glass 
fiber filters. A volume of 50mL of inflow and 100mL of effluent wastewater were analyzed, 
and 50 L of 0.5 ng mL-1 of isotopically labelled pharmaceuticals were added to the samples 
as internal standards. The samples were percolated onto Oasis HLB cartridges (200mg, 6mL). 
The cartridges were eluted with pure methanol, dried under nitrogen stream, and reconstituted 
to 0.5 mL with MeOH/water (10/90, v/v). Samples were injected in full-scan mode, and 
compounds were quantified using the extracted ion chromatograms of the protonated 
molecular ion.   



Figure 1. Schematic diagram of the column experiments using biochar (BC) with active biofilm (n = 3), inactive biofilm (n = 3) and no biofilm (n = 2), and sand (Sand) with 
active biofilm (n = 3) and glass bead filter as blank (n = 1). PhACs = pharmaceutically active compounds.
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RESULTS AND DISCUSSION

The average concentration of carbamazepine in the spiked wastewater fed to BC-active-
biofilm, BC-inactive-biofilm, BC-no-biofilm and Sand-active-biofilm ranged from
6850±1507 to 12,300±637 ng L-1. However, the measured concentration of carbamazepine 
was occasionally higher than the theoretical spiked wastewater concertation due to 
background contamination of wastewater with carbamazepine. The average removal of 
carbamazepine during the experimental period ranged from 90±11% in the BC-inactive-
biofilm filters to 99±4% in BC-no-biofilm, with the lowest effluent concentration of 31±83 ng 
L-1 measured in the latter treatment. The BC-active-biofilm and BC-no-biofilm filters
maintained high removal of carbamazepine (99%) with low effluent concentrations (<40 ng L-

1) throughout the experiment (Figure 2). However, removal of carbamazepine in BC-inactive-
biofilm declined from 99% in week 13 to 73% in week 22. The effluent of the Sand-active-
biofilm filters contained high average effluent concentrations of carbamazepine (11,245±3455
ngL-1) during the entire experimental period and these filters fluctuated between low removal
rate and carbamazepine emissions (31% to -46%; Figure 2).

Figure 2. Capacity of BC-active-biofilm ( ), BC-inactive-biofilm ( ), BC-no-biofilm ( ) and Sand-active 
biofilm ( ) for removal of carbamazepine during 22 weeks of exposure to spiked wastewater or MilliQ water. 
Symbols and error bars represent mean ± standard deviation, n =3 for the effluent and n=1 for the influent. BC = 
biochar, PhACs = pharmaceutically active compounds.

Carbamazepine was selected as model substance for removal by biochar due to its frequent 
occurrence in water and wastewater in Sweden and in Europe (Archer et al., 2017; Fick et al., 
2011; Tröger et al., 2017). A recent study on micro-pollutants in on-site wastewater systems 
in Sweden showed that influent to the systems contained PhACs at wide range of 
concentration, from non-detectable levels up to 180 ng L-1 of carbamazepine (Gros et al., 
2016). The spiked concentrations of PhACs used in the present study were significantly 



higher than those reported by Gros et al. (2016) except. High concentrations were selected for 
use here because the aim was to explore the capacity of the filters to remove PhACs, rather 
than to mimic environmental concentrations of these substances.  

Carbamazepine was removed efficiently in BC-no-biofilm and in BC-active-biofilm (Figure 
2). The removal mechanism was mainly adsorption to the surface of the biochar, as indicated 
by the high removal in BC-no-biofilm. The poor to no removal of carbamazepine in the Sand-
active-biofilm filters (31% to -46%) shows poor biodegradability of carbamazepine in 
biofilms. In BC-active-biofilm, the biofilm may have regenerated the biochar, due to 
simultaneous biodegradation of easily degradable organic matter (COD) from the wastewater 
accumulating on the surface. This most likely cleaned the surfaces of the biochar and made 
them available for prolonged adsorption of carbamazepine. Abromaitis et al. (2016) reported 
that biologically active carbon systems provide the same effluent quality as regards persistent 
pollutants as abiotic active carbon systems but, due to the contribution of the biomass to the 
removal, the lifetime of the adsorbent is longer. In the absence of substantial biologically 
active biofilm, as in BC-inactive-biofilm, the removal of carbamazepine declined after 14 
weeks of treatment from 99 to 87 %, which demonstrates the negative consequences of lack 
of an active biofilm cleaning the surface of the biochar (Figure 2). Adsorption of 
carbamazepine by BC-inactive-biofilm was affected by the presence of wastewater organics, 
due to competition for adsorption sites on surfaces. Similarly, Saravia and Frimmel (2008) 
showed that the presence of natural organic matter (as in BC-inactive-biofilm) reduced 
adsorption of carbamazepine on activated carbon. In addition, carbamazepine is a neutral and
hydrophilic substance, while the accumulation of organic matter from wastewater (as in BC-
inactive-biofilm filters) can be expected to increase the hydrophobicity of the biochar, 
meaning that carbamazepine would be repelled from the surface. The effluent of the Sand-
active-biofilm filters contained higher concentrations of carbamazepine than the influent, 
indicating negative removal of carbamazepine. Such negative removal can be explained by 
desorption of accumulated carbamazepine on the filter. Zhou et al. (2009) concluded that 
PhACs can only be temporarily retained in sand, while poor removal of carbamazepine 
(<10%) in slow sand filters and sand infiltration systems has also been reported by D'Alessio 
et al. (2015); Nakada et al. (2007). 

CONCLUSIONS

Carbamazepine was efficiently removed only in the biochar filters, predominantly by 
adsorption. In contrast to sand, biochar provided large specific surface for sorption and 
biofilm growth, which provided higher capacity for removal of PhACs with different 
characteristics. Overall, the results highlighted the importance of biofilm for removal of 
pharmaceuticals, and also for suggested bio-generation of filter media. Biochar has good 
potential to enhance PhAC removal in on-site wastewater treatment systems, either by 
replacing sand in the filter bed or as an add-on module after the main filter. Further studies are 
needed to investigate the long-term capacity of biochar for PhAC removal and the effects of 
different loading regimes and implementation configurations.
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INTRODUCTION
On-site sewage treatment facilities (OSSFs) are widely applied in rural areas in the Nordic 
countries. A potential amount of phosphorus (P) and nitrogen (N) are released from these 
systems every year. The concerns are also about micropollutants (MPs), i.e. pharmaceuticals 
and synthetic organic compounds which are contaminating the environment and can affect the 
ecosystem and human health (Luo, 2014). About 40% of the OSSFs in Sweden use soil-based 
systems to treat wastewater (Olshammar, 2015) and sand is the most commonly applied 
media. The aim of this study was to evaluate the removal efficiencies of P, N and a number of 
MPs in filter beds and to find out the potential additional treatment efficiency which could be 
achieved by combining sand with other commercial filter materials.

MATERIALS AND METHODS 
Two bench-scale column experiments were performed during 2016 (Table 1). The first 
experiment was operated with saturated flow conditions during two weeks. The second 
experiment applied unsaturated flow conditions and was operated during twelve weeks.  

Table 1. Specification of the two column experiments 
Duration of Column Pumping Surface Feed water

experiment Diameter Depth Rate Time load

day m m mL min-1 h day-1 L m-2·day-1

Experiment 1 14 0.05 0.1 1.14 2.25 78 Effluent from filter bed

Experiment 2 84 0.05 0.5 1.14 10.5 364 Effluent from septic tank

The wastewater used in the experiment was spiked with a number of MPs to investigate their 
removal by the sand filtration. The MPs included pharmaceuticals, pesticides, biocides, 
plasticizers, fragrances, surfactants, UV-stabilizers, rubber additives and food additives. 
Weekly samples were taken for N, P and MPs analysis. Other parameters measured during the 
experiments included dissolved organic carbon (DOC), pH, turbidity and electric 
conductivity.  

A field pilot plant was constructed in 2013 (Kholoma, 2016) with three subsurface parallel 
filter beds. Each bed had a length and depth of 1.5 and 0.8 m, respectively, and an upper 
surface area of 0.75 m2. The three filter beds were filled with sand, biochar and sand, biochar 
and Sorbulite® (a product based on gas concrete), respectively. The system was maintained 



for two and a half years prior the sampling (November 2016), where 24-hour composite water 
samples were taken from the influent and the effluent. 

MAIN RESULTS AND CONCLUSIONS
The average removal efficiencies of DOC, NH4-N and Ptot in column and field samples are 
presented in table 2. Compared with the sand filter, the added biochar layer improved the 
removal of DOC by 18% and the added Sorbulite layer increased both the DOC and total 
phosphorus removal efficiencies by 7%. 

Table 2. Average removal efficiencies (%) of DOC, NH4-N and total phosphorus 
DOC NH4-N Ptot

Experiment 1 Sand 49 88 33

Experiment 2 Sand 73 9 16

Field sampling Sand 31 84 22

Biochar + sand 49 95 20

Biochar + Sorbulite 38 78 29

The MPs in the column experiment showed different removal efficiencies: Firstly, biocides 
(hexachlorobenzene and triclosan), pharmaceuticals (acetaminophen and caffeine), fragrance 
(musk xylene) and preservative (propylparaben) have been efficiently removed with an 
average removal above 90%. Secondly, a few organophosphorus flame retardants such as 
tributylphosphate and triphenylphosphate, perfluoroaklyl substances, UV stabilizer 
(benzophenone) and fragrances (musk ketone and galaxolide) had lower removal efficiencies 
in the range 51% and 81%. The sand did not remove most of pharmaceuticals very efficiently. 
Seven out of the nine investigated pharmaceuticals had removal efficiencies ranging between 
17% and 48%, whereas four of them (diclofenac, oxazepam, losartan and carbamazepine) had 
an average removal efficiency lower than 30%.  

A number of 47 MPs were identified in the field experiment samples with concentrations 
ranging from 0.1 ng L-1 to 46285 ng L-1. The removal efficiency varied depending on the type 
of filter media and MPs. The dual layer filter with biochar and sand provided a better removal 
of MPs (on average, 68%) than the other two filters (on average, 65% and 56% for sand and 
biochar + Sorbulite, respectively). In the future, to improve the removal efficiency of nutrients 
and MPs, the application of new filter materials to optimize the traditional filter bed is needed.
The life span of sand and alternative sorbents were not considered in the column experiments, 
however it is one of the essential research tasks for future work.
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INTRODUCTION 
Currently, the overwhelming majority of Australia pork producers use lagoon systems for 
wastewater treatment. A small minority of producers have covered anaerobic lagoons to 
reduce emissions of the Greenhouse gas (GHG) methane from slurry. Buchanan et al. (2013) 
conducted a review: Algae for energy and feed: A wastewater Solution, commissioned by the 
High Integrity Australian Pork Cooperative Research Centre (CRC) and recommended that 
integrated wastewater treatment, incorporating aerobic treatment to condition slurry to enable 
algal growth for biomass energy production, was the approach most likely to enable the Pork 
CRC to meet its objective of reducing GHG emissions. As part of its Program 4, Carbon 
Conscious Nutrient Inputs and Outputs Research & Development program, the Australia’s 
Pork CRC has set targets that include emissions of less than 1 kg of CO2 gas per kg of pork 
produced in Australia.

In the review, the life cycle assessment (LCA) analysis indicates that rather than ‘flaring’ this 
renewable energy source the industry should be encouraged to exploit biogas for water or 
space heating or in combined heat and power systems thereby reducing fossil fuel usage and 
associated GHG emissions. A large range of advanced manure handling strategies were 
examined and only those strategies with real prospects of successful integration on-farm have 
been recommended for further study. Specifically the review recommends the integration of 
controlled, closed vessel aerobic treatment (with heat recovery), followed by solids separation 
to enable microalgal growth on anaerobic digester effluent. The LCA indicates that further 
wastewater treatment by microalgae, followed by additional energy recovery via co-digestion 
of the algal biomass with pig slurry is the option most likely to achieve the Pork CRC 
aspirational GHG emission target of 1kg CO2 e kg HSCW-1 (hot standard carcase weight) by 
5% of the Australian pork industry. It is assumed that algae can be grown at a rate of 
15g/m2/day on the effluent coming out of the anaerobic lagoon. There is evidence that this 
may not be possible due to a range of issues including ammonia which may inhibit algal 
growth and colour and other suspended solids which will affect the light penetration in the 
algae pond. An intermediate aerobic treatment process between the anaerobic lagoon and the 
high rate algal pond could vastly improve this water quality and a necessary component of 
any working system design.

Anaerobically treated pig slurry has high ammonia and suspended solids concentration which 
precludes using it as a substrate for the growth of microalgae for wastewater treatment, 
disinfection and sustainable biomass energy production.  The objective of the research is to 
incorporate aerobic treatment of the slurry to convert the ammonia to nitrate using naturally 
occurring populations of aerobic nitrifying bacteria. Figure 1 shows the proposed aerobic 



treatment strategy. After the pre-treatment by existing covered anaerobic lagoon (CAL) or in 
an engineered anaerobic reactor, the aerobic treatment was introduced to minimise the high
total solid, colour, and high ammonia concentration by nitrification prior to feeding to a high 
rate algal pond (HRAP). In this operation, less energy will be required for aeration since much 
of the organic carbon would have been mineralised in the anaerobic system, most of the 
supplied oxygen being used for nitrification and heat might be recovered to offset electrical 
energy used for aeration. In addition, CO2 would be used by algae growing in the HRAP. This 
will likely improve algal production on effluent since the pool of readily degradable organic 
carbon for conversion to inorganic carbon for photosynthesis may be depleted (Gonzalez-
Fernandez et al., 2011). The LCA shows that this configuration occurs only a small penalty 
compared with using only a CAL to treat the effluent but has the benefit, by oxidising 
ammonia to nitrate, of enabling algal biomass production which could be used to generate 
further methane and resultant electricity. The LCA suggests that this option has the potential 
to abate over 100kg CO2 e 60kg HSCW (Buchanan et al., 2013).

Figure 1. Conditioning piggery slurry for algal growth – integrated treatment with both aerobic and anaerobic to 
algal culture

This pilot plant case study is funded by the Australian Pork CRC and seeks to evaluate the 
performance of an integrated wastewater treatment (iWWTP) system incorporating, aerobic 
treatment with heat recovery and algal biomass production for energy and GHG abatement. 
This will assist the industry target of reducing CO2 emissions and access financial benefit 
from Australia State & Federal GHG abatement schemes. The iWWTP will also produce a 
better disinfected effluent low in ammonia which, when reused for pig shed operations, is 
expected to reduce pig respiratory ill-health. 

METHIODS
The Roseworthy piggery in South Australia (34°30'47.9"S 138°40'47.5"E) was chosen and 
preliminary slurry analyses were conducted to enable design of the integrated wastewater 
treatment plant. The plant was constructed as shown in plate 1 and figure 2. Anaerobically 
pre-treated slurry from an existing lagoon is transferred to a reception pit on the research 
facility site. Pump activation is under liquid level control from the reception pit. Slurry from 
the reception pit is then delivered, at programmed intervals, to the aerobic reactor. By doing 
so, it incorporates aerobic treatment of the slurry to convert the ammonia to nitrate using 
naturally occurring populations of aerobic nitrifying bacteria and reduce its high ammonia 
load. Treated slurry from the aerobic reactor is pumped to a sedimentation tank and its 
supernatant liquid phase is delivered to a make-up tank. Finally, effluent from the make-up 
tank is then pumped to high rate algal pond for growth of algal biomass.  The size of HRAP is 
approximately 25m2 and its hydraulic residence time is determined by the rate of slurry 
addition and/or change in HRAP depth (maximum operating depth 0.5m). The HRAP is 
mixed by an eight bladed paddlewheel powered by an electric motor through a variable speed 
reduction gearbox. Treated HRAP effluent is returned to sump and then to the existing 
anaerobic lagoon prior to land spreading.



Figure 2 Flinders University Roseworthy integrated aerobic & algal wastewater treatment research facility. LSH 
= Level switch high; LSL = Level switch low; LT = level transmitter; DO = Dissolved oxygen transmitter; pH = 
pH transmitter; Temp = Temperature transmitter; I = Connection to control system.

Plate 1 Proposed location of the iWWTP at Roseworthy Piggery (indicated as broken line).

RESULTS
Since construction work has commenced on April this year, the pond wall was built ready and 
the dam wall lining was in place on June. The major infrastructure are expected to be finished 
August this year. The aerobic reactor will then be commissioned. This initially will entail 
setting aeration rates and retention times necessary to achieve the required degree of carbon 
oxidation and nitrification.

Eco shelters

Anaerobic lagoon

Integrated aerobic 
& algal wastewater 
treatment research 
facility Roseworthy Piggery



Plate 2 The outline of high rate algal pond with the completed dam wall and pond liner (June 2017).

There are three unit operations which need to be optimised and their performance evaluated -
the aerobic reactor, the clarifier and the HRAP. The respective components will be evaluated 
for their effect on carbon oxidation/heat production, NH4-N oxidation, suspended solids 
removal and algal biomass production; the disinfection potential of each unit operation will 
also be determined by measuring respective inlet and outlet values.

Optimising net energy production by the aerobic reactor and the production of an effluent 
suitable for algal biomass production is the focus of the research. This will entail 
understanding the relationship between retention time and the dissolved oxygen (DO)
percentage saturation on carbon oxidation/heat recovery and nitrogen speciation in the 
aerobically treated effluent. Essentially the reactor will be operated under different 
combinations of retention time and aeration rate. At high percentage DO saturation (>10%), it 
is anticipated that NO3-N will be the predominant source of N for algal growth, however, a 
consequence will be increased energy usage. Lower DO percentage saturations, reduce the 
aeration rate and energy consumption and enable simultaneous nitrification and 
denitrification, however, N2 gas is lost to the environment. An intermediate operation, with 
reduced energy consumption, may conserve more inorganic nitrogen in the effluent as NO3-N
with residual NH4-N levels (≤ 150mg L-1) tolerable to algae, while minimising loss of N2 to 
the atmosphere. The oxidation of carbon and consequent heat production will be determined 
for all modes of operation investigated.

CONCLUSIONS
Through this direct demonstration, farmers will be able to form an opinion about the 
relevance of the waste handling system to their own operations. Piggery waster should be 
considered as a recourse, which can be safely treated, potentially providing additional on farm 
energy, while reducing GHG emissions and producing high quality water for reuse in piggery 
operations.
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Abstract

The Mission Spring Christian Camp and Conference Center is a full-service conference center 
that maintains a mixed use commercial facility and residential units in Scotts Valley, California.  
The conference center operates year-round with additional youth camps in the summer.  An 
advanced biological treatment system was installed in 2014, replacing the original standard 
septic and gravity leachfield system.  The system was designed by Fall Creek Engineering, Inc. 
with operations, maintenance, and monitoring completed by Acqualogic, Inc. 

The wastewater treatment system includes several alternative wastewater treatment technologies 
aimed at treating high-strength wastewater influent to low effluent concentrations of biochemical 
oxygen demand (BOD), total suspended solids (TSS), and total nitrogen (TN).  The wastewater 
treatment system includes flow equalization, an anaerobic baffled reactor, a 3-stage combined 
trickling filter and clarifier system (biofilter), recirculation, and solids return.  Treated effluent is 
disposed to pressure leachfields.  The treatment system is designed to manage a daily flow of 
24,000 gallons per day (gpd) with a recirculation rate of 3 to 1.  Summer flows increase up to 
36,000 gpd with a recirculation rate of 2 to 1.   

The wastewater system is regulated by the Central Coast Regional Water Quality Control Board 
and the County of Santa Cruz.  The treatment system is required to reduce the 30-day average of 
BOD and TSS to less than 30 milligrams per liter (mg/L) each and reduce TN by 50%. In 
general, the treatment system has good performance and meets the treatment goals with over 
90% removal of BOD and TSS, and over 50% removal of TN.  

Challenges with treatment performance occur in the summer months, when average flows more 
than double compared to the rest of the year and the site experiences higher temperatures.  
Additional challenges occur during the winter months when the collection system experiences 
problems with inflow and infiltration (I&I).  However, the system reliably meets the State Water 
Board water quality effluent requirements despite these issues.
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Introduction

The Mission Spring Christian Camp and Conference Center (Conference Center) is a full-service 
conference center, located in Scotts Valley, in Central California, United States.  Figures 1 and 2 
present the vicinity and site location maps. 

Figure 1. Vicinity Map Figure 2. Site Location Map

The Conference Center is a mixed-use commercial facility with staff and guest housing and 
youth camps.  The property is located in an unincorporated part of Santa Cruz County on 
approximately 750 hectares of forested and mountainous terrain in the Santa Cruz Mountains.

The Conference Center is located at an elevation of 500 feet above mean sea level.  The site is 
located in a Coastal Redwood forest and is bordered by two year round streams.  The site 
receives an annual rainfall of 50 inches.  The mean temperature fluctuates from 74 F in the 
summer months and 44 F during the winter months.

The Conference Center owns and operates private water and wastewater systems for the facility.  
The water system comprises of deep water supply wells, a groundwater treatment system to 
remove excessive iron and manganese, water storage, and a distribution system.  

Historically, the facility used several individual septic systems that were installed in several 
locations across the property.  Given the rural and relatively remote location of the community,
there was not access to a municipal or centralized sewer system. The wastewater systems 
consisted of standard septic tanks and deep seepage pits (typically four (4) foot diameter by fifty 
(50) foot deep pits).
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The facility is located in the San Lorenzo River Watershed, which is a water quality impaired 
watershed for nitrogen.  Water from the river is a primary source of drinking water for the City 
of Santa Cruz, the main urban center in the watershed, which provides water to approximately 
60,000 people in the city.  Over the past 50 years, residential development in the San Lorenzo 
River watershed has expanded substantially, with a population of over 25,000 people that are 
served by onsite septic systems.  The long-term use of onsite wastewater systems in the river 
valley has impacted water quality with elevated concentrations of nitrate as nitrogen.  To address 
this impairment, in the early 1990’s, the local County Health Department and the State Water 
Authority adopted a nitrogen management plan for the watershed.  As part of the management 
plan the agencies adopted a 50% nitrogen reduction strategy for all new and existing commercial 
onsite wastewater systems in the watershed.  The new rules required that when an existing 
facility had a wastewater system that failed or when the owners wanted to expand or 
substantially modify the facility, a new enhanced treatment system would be required to be 
installed.

In 2009, the Conference Center began to have intermittent problems with their original 
wastewater system.  In 2010, the Conference Center retained a local engineering company to 
prepare a wastewater facility plan to begin to plan for the design and installation of a new 
centralized enhanced wastewater treatment and disposal system.  In 2012, the Conference Center 
proceeded with the design and permitting of a new sanitary sewer collection system, an enhanced 
wastewater treatment system, and a pressure leachfield disposal system.  In 2013, the Conference 
Center installed a new primary clarifier tank and a new lift station.  In 2014, the Conference 
Center installed a new enhanced wastewater treatment system and disposal system.

This paper presents a description and a performance evaluation of the enhanced wastewater 
treatment system installed at the Conference Center.

Regulatory Requirements

The wastewater system at the Conference Center is regulated by both the Local County Health 
Department and the State Water Quality Control Authority.  The performance standards for the 
enhanced treatment system are as follows:

Biochemical Oxygen Demand (BOD) < 30 mg/L;
Total Suspended Solids (TSS) < 30 mg/L;
Total Nitrogen (TN) Removal > fifty (50) Percent; and
TN Loading Rate < 40 grams/ac/day.

Section Criteria and Performance Goals

Prior to selecting an enhanced wastewater treatment technology, the Conference Center and their 
consulting engineers completed a screening analysis of various treatment systems.  Each system 
was compared based on several criteria including reliability, performance for BOD, TSS and TN 
removal, operation and maintenance requirements, and capital and O&M costs. Other factors 
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that were also considered in the selection of new wastewater treatment system included the flow 
variability, strength of the wastewater, and accessibility to the site.

The performance goals for the new treatment system were also selected and included the 
following:

• BOD and TSS Effluent < 10 mg/L
• .

Design Criteria

The Conference Center conducted flow and water quality studies during 2012 to support the 
design of the wastewater treatment system.  The following is a summary of the primary design 
criteria data collected in that period:

• Daily Average flows = 10,000 – 15,000 gpd;
• Peak Summer Flow = 36,300 gpd;
• Influent Water Quality:

• Total Nitrogen = 150 mg/L;
• BOD = 1,000 mg/L;
• TSS = 1,500 – 2,500 mg/L; and
• Oil and Grease = 100 – 300 mg/L.

The results of the predesign studies indicated that the wastewater quality from the Conference 
Center was a high strength wastewater with high concentrations of BOD, TSS, TN, and oil and 
grease.

Flow monitoring also indicated that wastewater flows vary significantly seasonally.  During the 
fall, winter and spring months wastewater flows range from 8,000 to 15,000 gallons per day. 
During the summer months when camps are at full occupancy flows can vary from 20,000 to 
over 36,000 gpd. 

Enhanced Wastewater Treatment System

In 2014, the Conference Center installed a new enhanced wastewater treatment system to meet 
the performance goals set by the Conference Center and the design team.  The enhanced 
treatment system is a multi-stage biological treatment system that includes a 30,000 gallon 
anaerobic baffled reactor (ABR), a 2,000 gallon recirculation tank, and a three-stage bio-
filtration system.  Treated wastewater is discharged to three pressure dosed leachfield systems.
Figure 3 presents the layout of the enhanced wastewater treatment system.
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Figure 3. Enhanced Wastewater Treatment System Layout

Anaerobic Baffled Reactor (ABR)

The primary treatment process of the system includes a 30,000 gallon ABR tank that includes a 
gravity flow tank configured with a battery of three 10,000 gallon tanks plumbed in series.  The 
first tank consists of two compartments: the first compartment is approximately 7,000 gallons, 
and the second compartment has a capacity of 3,000 gallons.  The second and third tanks consist 
of two compartments that are each 5,000 gallons.  The outlet of each compartment is configured 
to convey flow from the top of the tank to the bottom of the tank so wastewater flows vertically
in each compartment, creating an upflow sludge blanket in each compartment.  This design 
provides for enhanced treatment of the wastewater by forcing the wastewater to flow through the 
biological sludge blanket rather than across it in a horizontal septic tank styled tank.  The 
primary function of the ABR is to reduce TSS from the wastewater.

Three-Stage Biofiltration System 

Following the ABR the partially treated wastewater flows through a three-stage biofiltration 
system.  The biofiltration system consists of three-stages of filters and each stage consists of 
three biofilters plumbed in parallel for a total of nine biofilter tanks.

The biofilter tanks are above ground in a unique stacked design that combines a trickling filter 
with a clarifier in a single tank vessel.  The three-stages of biofilters are set up so that effluent 
from the ABR is pumped to the clarifier zone of the first stage of filters and then the effluent 
flows via gravity to the second and third stage filters.  Recirculation pumps draw water from the 
clarifier and pump it over the biofilters on an intermittent dosing cycle (typically on for two 
minutes and off for one minute).  The recirculation pumps are sized and setup to provide a 
recirculation rate of approximately 3:1 at each stage of filtration.  A non-clogging spray nozzle 
distributes wastewater over the biomedia in each tank.  Each tank is filled with 6 feet of 
engineered random trickling filter media that provides 30 square feet of filter area for each cubic 
foot of media.  
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Water from the trickling filter zone is collected in an under pan that directs the wastewater to an 
internal circular baffle in the clarifier under the filter zone to settle out any biosolids that slough 
off of the filters.  The bottom of the clarifier is sloped to a trough in the center of the tank.  A 
sludge outlet is on the bottom of the tank and the end of the trough and the outlet includes a 3-
inch pipe that is fitted with an electronic actuated valve that is controlled by the treatment plants 
main controller.  This solids return valve is opened up twice a week to flush out accumulated 
biosolids from the filter to the entrance of the ABR.

Effluent from the third-stage of the biofilters flows to a 2,000 gallon recirculation tank.  This 
tank is fitted with a recirculation ball valve, which allows treated water to be recirculated through 
the biofilters and the system is set up to achieve a recirculation ratio of 3:1.  Effluent that flows 
through the recirculation ball valves flow to an effluent pump tank that conveys the water to the 
pressure dosed leachfields.

Treatment System Performance

A compilation of water quality data from early 2014 through 2016 was analyzed for this study to 
evaluate the performance of the enhanced treatment system.  During the study period (2014 – 
2016) 33 influent and effluent samples were tested for wastewater quality parameters including 
BOD, TSS, and TN.

BOD Removal

Over the sampling period the treatment system met the effluent standards for BOD on 24 events 
and on 9 events effluent exceeded the treatment requirements.  Since the treatment system was 
brought online in 2014 it has on average achieved 94% removal of BOD.  The data indicates that 
the treatment plant met the BOD requirements approximately 73% of the time.  The BOD 
exceedances occurred during the summertime when flows were higher.  Additionally, BOD 
influent concentrations are frequently higher than the 1,000 mg/L influent concentration for 
which the treatment plant was designed.  Figure 4 is a graph comparing influent and effluent 
BOD concentrations in the plant.  Figure 5 is a graph of BOD effluent concentration at a higher
resolution.      
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Figure 4. Influent and Effluent BOD

Figure 5. BOD Effluent Concentration 
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TSS Removal 

Over the testing period, the average TSS removal for the treatment plant was 99%.  The 
treatment plant achieves very high removal rates of TSS as shown in both Figure 6 and 7.  Over 
the testing period the TSS requirements were met 32 out of 33 sampling events indicating that 
the treatment plant met the requirements 97% of the time.  Elevated effluent concentrations of 
TSS occur during the summertime when flows are higher.  Increasing concentrations in influent 
TSS are likely due to solids accumulation in the collection system lift station tanks.

Figure 6. Influent and Effluent TSS
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Figure 7. Effluent TSS Concentration

TN Removal

The average TN removal of treatment plant over the testing period was 67%.  The treatment 
plant achieves good removal rates of TN as shown in both Figure 8 and 9 below.  Over the
testing period the TN requirements were met 26 out of 33 sampling events indicating that the 
treatment plant met the performance requirements 78% of the time.  TN removal performance 
has improved over time, likely due to improve operations of the treatment plant. 
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Figure 8. Total Nitrogen Influent and Effluent Concentration (mg/L)

Figure 9. Total Nitrogen Effluent Concentration (mg/L) 

Capital and Operation and Maintenance Costs

The capital costs associated with construction of the wastewater treatment plant were $350,000 
in 2014.  The total construction cost was $1,200,000, which included improvements to the 
collection and disposal systems.  The capital costs correspond to approximately $10 per gallon of 
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wastewater treated, with the wastewater treatment plant designed for a flow of 36,300 gallons per 
day.

The operation and maintenance costs average $4,600 per month.  These costs include operations 
of the treatment plant, servicing and maintenance of the treatment plant equipment, monthly and 
semi-annual sampling and reporting, and daily monitoring and remote telemetry.   

Findings

Our findings from this study include: 

1. The combined ABR and Acqualogic Biofilter treatment system is a low cost (capital and
operations and maintenance) and effective treatment option for reduction of BOD, TSS,
and TN.

2. An advantage of the treatment plant design includes little operator intervention is
necessary. The same pump systems were installed throughout the treatment plant, which
have proven to be reliable with no interruption in service since installed in 2014.

3. Another advantage of the treatment plant design is the inclusion of a remote telemetry
system, which allows for daily monitoring of the treatment plant operations.

4. Challenges with the system occur from seasonal flow fluctuations including high summer
flows from youth camps and inflow and infiltration (I&I) issues in the winter season.
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Introduction

Throughout the historical evolution of wastewater management, it can be roughly divided into 
two stages (Hellenistic, 2007). The first stage is the direct discharge into soil and water bodies
in antiquity. The second as well as the current stage is the scheme of centralized collection 
and treatment. With the continuing increase of the population and urban sprawl, wastewater 
treatment is still facing great challenges and, therefore, two major actions have been taking 
worldwide to meet the situation. One is the urgency for upgrading the aging wastewater 
treatment plants (WWTPs) while another is the proliferation of the non-point pollutions and 
develop the eco-friendly processes/technologies (Huang et al., 2014). The challenge is that the 
increasing vast of wastewater and/or cost make the mode of “convergence and treat” more 
difficult. Indeed, the sustainable solution is to keep the wastewater treatment processes being 
part of the ecosystem, similar to the first stage, or impart them additional value. 

By far, several eco-friendly processes have been proposed and studied with some being 
implemented already. Differentiating from conventional treatment systems, these processes 
partly or totally mimic the natural systems of purifying wastewater with artificial 
intensification. All these systems share several unique features: a) pleasing appearance and 
compatibility with surroundings; b) low capital & operation cost; c) priority of in-situ
treatment. Given these highlighted characteristics, these eco-friendly processes were 
nominated as green facilities (GFs). Here, “green” describes, on the one hand, the sustainable 
operation mode with little energy or chemical requirement and, on the other hand, the visual 
appearance with various vegetation and plants. This review was to introduce and summarize 
the existing GFs in wastewater purification in terms of concept, highlights and pros and cons,
respectively. It is believed that GFs represent one of the directions towards to sustainable 
wastewater treatment management. 

Green facilities

As depicted in Fig. 1, a number of GFs have been developed across the world. These facilities 
include food chain reactor (FCR) or fixed-bed biofilm activated sludge(FBAS), Living 
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Machine®, Solar Aquatics System, Biomatrix, vegetation-activated sludge process (V-ASP)
and living walls, as well as the most recently green bio-sorption reactor (GBR) (Liu et al.,
2017). The brief introduction and properties of each facility were summarized in Table 1. 
Obviously, owing to the pleasing appearance, these facilities could get involved in the 
biosphere and hydrosphere and thereby be more easily accepted by the public. Moreover, 
most of these facilities can be constructed as parts of the community and significantly reduce 
the footprint as well as the capital investment (Fig. 1). The high-standard effluent holds the 
potential to reclaim and reuse on-site and at the same time these facilities really offer residents 
a good place for fun and knowledge. 

Table 1 Summarization of the GFs

Reactor FCR GBR LM V-ASP Biomatrix LW
Maturity Full-scale Lab-scale Full-scale Lab-scale Full-scale Full-scale

Influent wastewater Surface 
water

Grey 
water

Key parts Fiber & 
roots 

P-adsorptive
carriers &
activated
sludge

Normal 
matrix

Activated 
sludge and 
roots 

Fiber & 
roots 

Normal 
matrix

Application Various
scale1 NA1 Community 

scale2 NA1 Various 
scale2

Single 
building2

1, centralized mode; 2, decentralized or on-site mode; NA, not available

Figure. 1 Schematic diagram of GFs and comparison of operation cost (V-ASP, 
vegetation-activated sludge process; FCR, food chain reactor) 
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Introduction 
Research communities dedicated to solving the sanitation crisis in rapidly growing urban 
areas are well aware that large-scale infrastructure that builds on the linear end-of-pipe model 
(water toilet to sewer to treatment plant) is quixotic in the deepest sense of the word (Black 
and Fawcett 2010). The conventional model is simply too inflexible and too costly to construct, 
operate and maintain for the majority of rapidly growing urban communities: Provision of safe 
sanitation to the exponentially growing number of urban inhabitants calls for the development 
of other models. This requires that the lock-in to the conventional model is broken. 

The sanitation sector leans heavily on engineering and it is reasonable to assume that the 
solution, or at least a central part of it, lies in the content and structure of engineering curricula. 
Sanitary engineering was born in response to societal changes in the late 19th to early 20th 
century (Anderson 2003) and the curriculum has since successively been altered in response 
to changing societal concerns and expectations (Malina, Jr, and Gloyna 2007; Leonard 2001; 
Heaney 2012). This responsiveness is illustrated by the common name-change from 
sanitation engineering to environmental engineering (Iyer-Raniga and Andamon 2012; 
Logsdon 2008; Hansen and Kells 2002).  

The question raised in this paper is if present-day curricula reforms have been sufficiently 
responsive to incorporate the challenges caused by the unprecedented rapid and haphazard 
urbanization that is taking place at an accelerating rate across the globe, and thus properly 
prepares students to that end. We analyze the content and framing of urban sanitation in the 
curricula of our own university - UBC - as well as that from leading engineering schools and 
discuss how it might be revised to drive innovation and change. 

Material and Methods 
Leading engineering schools were identified based on official ranking lists (2015-2016 Times 
Higher Education World, QS World Ranking by Subject 2016, Best Global Universities for 
Engineering US News 2017, ARWU-Engineering 2016). Four top-schools that had course 
material available on their websites were chosen (MIT, University of California Berkley, 
Stanford and NTU). Courses dealing with issues related to urban sanitation were identified 
through searches using terms such as wastewater, water, sanitation, sewage, environmental, 
public health, pollution. Course syllabi including core literature were reviewed and a content 
analysis was carried out to determine how urban sanitation and future challenges are framed. 
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Results and Discussion 

Our study suggests that engineering curricula implicitly frame the conventional model as the 
norm while anything else is framed as ‘alternative’. Few of the analyzed mandatory courses 
include content related to challenges that are tied to the rapid and haphazard urbanization. 
Generally, such questions are left to higher level electives or the graduate level. 

We propose that the framing of the conventional model as the norm strongly contributes to the 
prevailing lock-in to the status quo. To meet the challenges tied to service provision in an 
increasingly urbanized world, we need to attract brilliant, innovative and creative minds that 
are trained to think outside the box (Wood 2016). We argue that the challenges of present-day 
urban sanitation and the shortcomings of the present paradigm need to be placed at the 
forefront and taught in the very first years, rather than, as now is commonly the case, provided 
as 4th year electives or gat graduate level. We conclude that it is unrealistic to expect that 
today’s curriculum will lead to lasting innovation beyond the conventional. 
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Abstract 
Management of organic waste streams from various source points including institutions of learning in 
Uganda can be a challenge if proper sanitation systems are abscent. Given that various organic waste 
streams may be generated, an integrated sanitation system approach which considers combined 
management of the waste streams while additionally recovering resources in the form of biogas and 
organic fertilizer could be a viable solution. Attractive as the approach may seem, investigating the 
economic viability of such sanitation systems would avail the necessary information, guiding decision 
makers on system selection. A cost benefit approach was applied to assess the economic feasibility of 
integrated santation systems for Uganda Christian University in Uganda.  

Key words; integrated sanitation systems, economic feasibility assessment, net present value, pay 
back period, internal rate of return

1. Introduction
Often the case, sanitation interventions or projects, attempt to link impacts of poor sanitation to
economic losses while concurrently assessing economic returns associated with reducing the burden of
health and the impact on the environment. Moreover, impacts associated with people`s/citizens’ lost
time and their productivity as a result of poor health and environmental impacts from the related
interventions or projects are taken in to consideration (TBC 2016; WSP 2008; McIntyre et al. 2014).
Based on such a background, it is common that the economic assessment of sanitation system
alternatives or options endeavour to incorporate life cycle costs and benefits (WSP 2008, 2011; Hutton
2015). In this paper, a similar approach of incoporating the related costs and benefits of a sanitation
system is applied to enable assessment of system alternatives.

2. Case Study
Uganda Christian University (UCU), Mukono like most institutions of higher learning in Uganda is
mandated to manage her own waste. The University has an own activated wastewater treatment plant
(WWTP), which manages wastewater from various source points within the University and the plant
currently operates at half its capacity.  Plastic waste generated is sorted and recycled while kitchen
waste is used as animal feed by local farmers neigboring the University. Meanhwile, other solid waste
is either incinerated at UCU or disposed of at Mukono Municipal landfill, which is located about 7km
from the University campus. UCU currently experiences difficulty in the final disposal of sewage
sludge, where about 70% of the partially stabilized sewage sludge is left in lagoons which are located
at the WWTP. The remnant 30% of the partially stabilized sewage sludge is used as soil conditioner
by UCU on the sports field, while a portion of the sludge is also used by interested local farmers’
neighbourig the University as soil conditioner. UCU heavily depends on firewood for cooking and is
interested in utilizing cleaner energy source such as biogas. In her 6year strategic plan (2012-2018),
UCU proposes that biogas could be produced by management of organic waste streams such as
sewage sludge (UCU 2012). Moreover, UCU also owns a farm which has been leased to a dairy
farmer and this could be an additional source of organic waste in the form of cow dung.  Noteworthy
is that Mukono Municipality does not have a centralized WWTP or faecal sludge treatment plant nor
is it connected to the National Water and Sewage Corporation (NWSC) sewer network.



The most commonly used sanitary facilities within Mukono Municipality consist of onsite pour flush 
toilets which are connected to septic tanks and pit latrines (Kanathigoda 2014). These onsite facilities 
are used in homes, business or institutional settings however, further management of sewage and 
faecal sludge from these facilities is required. The absence of faecal management facilities within 
Mukono Municipality poses as major challenge since interested customers would have to consider 
hiring cesspool emptiers to transport the sludge to the nearest faecal sludge management plants, which 
are located in Kampala at least 22km from Mukono.  The fact that the WWTP at UCU operates at half 
its capacity implies that opportunities exist for possible management of the faecal sludge from 
neigbouring areas in Mukono at UCU. With reference to the background of the case study area, focus 
is drawn to the management of organic waste streams generated from UCU and neibouring area of 
Mukono. The organic waste streams considered include sewage and faecal sludge, animal excreta, 
´biowaste and wastewater effluent. Given that UCU experiences a challenge in managing sewage 
sludge and yet opportunities exist to further manage other organic waste streams i.e cow dung, kitchen 
waste and faecal sludge while generating biogas, an integrated sanitation system approach is 
considered a viable solution. Provided that the management of different organic waste streams would 
be involved, variable technologies/processes would be required to manage the waste. Mostly,
sanitation systems which may consist of a single technology or combinations of 
technologies/processes are designed to ensure management of the various waste streams. In the 
context of this paper, the integrated sanitation systems consider combined management of the organic 
waste streams mentioned using a combination of anaerobic digestion technologies and other 
technologies/processes such as incineration, composting and solar drying among others. With 
reference to this suggestion, six sanitation system alternatives were proposed for the management of 
waste streams mentioned.  

3. Sanitation System Alternatives
The Status Quo alternative which represents the current sanitation system at UCU with a few
modifications. The system alternative consists of pumping the sewage sludge from the WWTP to the
gravity settling tank prior to partial stabilization of the sewage sludge in the lagoons. Also, application
of 30% of the partially stabilized sewage sludge as conditioner and dumping of 70% of the residual
sewage sludge in the lagons. Other considerations in this system boundary included; utilization of food
waste (Fw) from the kitchen as animal feed and application of cow dung (Cd) from the University
farm in gardens or dumping the dung in the animal kraal.

The COMPAD alternative system boundary consists of pumping the sewage sludge from the WWTP
to the gravity settling tank and partial stabilization of sewage sludge in the lagoon.  Thereafter, co-
composting of the sewage sludge from the lagoon with other organic waste was considered and the 
compost generated would be utilized as soil conditioner. Furthermore, the pretreatment of food waste 
(Fw) from the kitchen and mixing it with cow dung (Cd) prior to anaerobic co-digestion was 
considered. Utilization of biogas that would be produced from the anaerobic digestion process was 
examined with reference to two scenarios i.e. direct utilization of the biogas as cooking fuel (BfC) or 
for cogeneration (CoGen) of electricity and heat from the CHP unit. Meanwhile, the application of 
digestate that would be generated from the anaerobic digestion process as organic fertilizer was 
included within the system boundary. Therefore, substitution of electricity from the national grid, 
thermal energy generated from firewood for cooking and mineral fertilizers were also included in the 
COMPAD alternative boundary.

The COMPAD LF alternative boundary considered was similar to the COMPAD alternative with the 
exception that the co-composting process would be carried out at Mukono Municipal landfill instead 
of at UCU campus. Thus, transportation of the partially stabilized sewage sludge to Mukono 
Municipal landfill, which is located about 7km away from the University campus was included within 
the boundary. Other processes such as the anaerobic digestion process would be similar to that of the 
COMPAD system alternative. 



The INCAD alternative boundary consisted of similar components to the COMPAD alternative with 
the exception of drying the partially stabilized sewage sludge from the lagoon prior to incineration. In 
addition, the anaerobic digestion process of cow dung and food waste would still be considered within 
the system boundary. Thus, all by-products from the anaerobic digestion process i.e biogas and 
disgestate would be managed in a similar way as for the COMPAD and COMPAD LF alternatives.  

The INTEG 1 alternative boundary consisted of pumping the sewage sludge from the WWTP to the 
gravity settling tank where dewatering of the sewage sludge (Os) would take place.  Similar to the 
COMPAD alternative, pretreatment of food waste prior to mixing it with cow dung and dewatered
sewage sludge (Os: Cd: Fw 30:20:50) was considered. Thereafter, a mixture of sewage sludge, food 
waste and cow dung would be anerobically digested producing biogas and digestate. The biogas 
produced would be managed in a similar manner as the COMPAD, COMPAD LF and INCAD
alternatives, while the digestate would be directed to the lagoons where partial stabilization would take 
place prior to solar drying to improve the quality of the organic fertilizer produced. The substitution of 
firewood, grid electricity and mineral fertilizer production processes were also included in INTEG 1
boundary. 

The INTEG 2 alternative boundary was similar to the INTEG 1 alternative and additionally 
considered faecal sludge (Fs) as one of the substrates that would be anaerobically digested. Thus, the 
substrate mixture of composition Fs:Os:Cd:Fw 10:20:20:50 was considered. Furthermore, the 
INTEG 2 alternative boundary included utilization of 40% of the solar dried digestate for briquette 
making while 60% of leftover digestate was considered for use as organic fertilizer. The substituted 
processes considered for the INTEG2 alternative were similar to those considered for INTEG 1 
alternative. Moreover, substitution of firewood with briquettes made from digestate was additionally 
included in the boundary. For all the sanitation system alternatives which consisted of the anaerobic 
digestion process, two scenarios were considered i.e utilization of biogas as cooking fuel (BfC) or 
cogeneration (CoGen) of electricity and waste heat. Furthermore, the heat generated from the CoGen
scenario was considered for heating water, which would later be utilized for cooking purposes. 
Generally, for all sanitation system alternatives which consisted of an anaerobic digestion unit, 
substrate/feedstocks are identified and pretreated prior to anaerobic digestion. The by-products from 
the anaerobic digestion process are then managed variably with biogas being utilized either directly as 
a cooking fuel or for cogeneration of electricity and heat. The digestate generated can be considered 
directly as fertilizer or further post treated, resulting in much more portable organic fertilizer and or 
briquettes.  

4. Methodology
Having defined the sanitation systems proposed for UCU, a cost benefit approach was used to carry
out their economic assesment. Moreover, computation of parameters such as the net present value
(NPV), payback period (PBP) and internal rate of return (IRR) were also considered so as to have a
more comprehensive assessment. Thus, in addition to incoporating all the potential sanitation system
component installation and operation costs, the business case of the sanitation systems was also argued
based on the economic returns associated with reducing environmental impacts and the burden on
health reflected as well as citizens’ lost time and productivity (McIntyre et al. 2014; WSP 2008).
Moreover, returns associated with potential resource recovery from management of the various
organic waste streams were additonally considered. The three parameters used were further defined as;
the NPV is the sum of all cash flows discounted for the given duration thus, the time value of money
is recognized using NPV, which is computed according the Equation 1.

………Equation 1

Where NPV is the net present value of the sanitation system (s), Ct is the cash flow of the investment 
for the duration t, C0 is the initial investment for the sanitation system, r is the discount rate (%), t is 
the time period from the first year to T years. 



The IRR which is the discount rate when the after-tax NPV is zero is computed according to Equation 
2.

…………………Equation 2

Where IRR is the internal rate of return of the sanitation system (s), Ct is the cash flow of the 
investment for the duration t, C0 is the initial investment for the sanitation system, t is the time period 
from the first year to T years. 

The PBP basically compares revenues with costs and determines the duration required to recoup the 
initial investment of a given project and is computed according to Equation 3. 

   PBP=  Initial investment …………….Equation 3

       Ct

Where Ct is the cash flow of the investment in time period t (s) and PBP is the payback period (Brent 
2006; Yiridoe et al. 2009) 

5. Data Sources and Analysis
The data used for the economic assessment of the sanitation system alternatives was obtained from key
informants and observation during fieldwork carried in Uganda. Additional data relevant to the
anaerobic process considered in the various system alternatives was also obtained through
experimental analysis, where charaterization of the organic waste streams as well as biogas yield
analysis was carried out. Finally, reference to existing literature related to economic feasibility of
biogas plants as well as costing of biogas plants and sanitation systems also enabled the relevant cost
estimation for the system alternatives considered (Karellas et al. 2010; Pantaleo et al. 2013; Otoo et al.
2015). Comprehensive estimation of costs for the sanitation system components of each sanitation
system alternative, taking into consideration the substrate composition, process or technology
combinations and the various inputs and outputs was carried out.  Thereafter, the potential benefits
accrued from resource recovery in the form of biogas and digestate considered as organic fertilizer
were evaluated.

During the assessment, environmental benefits specifically associated with reduction in green house 
gases (GHGs) and health benefits related to improved sanitation from the respective system 
alternatives were additionally included to ensure comprehensivity (Ackerman 2008; Weimer 2008).  
The environmental benefits were represented by the reduction of GHGs for respective sanitation 
systems and this was mostly attributed to recovery of biogas from the anaerobic digestion process. 
Meanwhile, the health benefits associated with the respective sanitation system alternatives were 
computed based on guidance from literature, which suggests that waterborne and sanitation related 
diseases consist mainly of infectious diarrhoea. Although the disease burden due to poor sanitation 
could include other diseases, infectious diarrhoea is considered the cause of the main global burden 
resulting from poor access to water supply and sanitation. The availability of regional and national 
data on diarrhoea incidence rates and deaths also contributed to investigations of the health benefits of 
sanitation interventions with reference to reduction in diarrhoea incidence (Hutton, Haller 2004; 
Hutton et al. 2007; Hutton 2012, 2015). Therefore, with reference to such a background, the economic 
benefits associated with improved sanitation services were assessed based on three key points 
summarized.    

Savings related to seeking less health care. In this case, health care savings are estimated as a
function of treatment seeking rates and medical practices as well as unit costs of medical
services.
Savings related to productive time losses from disease. The productivity losses are often
estimated based on disease rates in addition to the number of days a patient of care taker could
be absent from productive activities and the unit value of productive time.



Taking into account the stringent data requirements to estimate specifically financial losses 
from lost productive time, the common practice considered is that an economic value is given 
based on the sick person's age.  
Finally, savings related to reductions in premature mortality are considered. In this case,
mortality is valued using the human capital approach, where estimation of the value of a
premature death averted is considered.

To enable the economic assessment of the sanitation system alternatives proposed for UCU, a
Microsoft Excel tool was developed and used. At the initial stage, computation of the available 
substrate quantities was carried out for the anaerobic digestion unit, then the annual biogas amounts 
for the specific system alternatives was determined. Computation of the biogas amounts was based on 
substrate characteristics such as the total solids (TS) and volatile solids (VS), which were determined 
through experimental analysis and reference to literature (Al Seadi et al. 2008; Vögeli et al. 2014).
Thereafter, other costs and benefits related to the environmental and health aspects of all sanitation 
system alternatives were also computed. Error! Reference source not found. shows the substrate 
estimates and the respective characteristics considered for computing the annual biogas amounts. 

Table 1: Summary of Available Substrate/Feedstock 
Substrate/feedstock 

type
Input

Tons/year

TS % VS%

Food waste 202.23 53.69 52.30

Cow dung 208.53 36.14 27.66

Sewage Sludge 486.68 10.56 7.81

Faecal sludge 243.34 8.52 6.30

Source: Author 

The assessment also included examination of the implementation and operation of key components 
considered for the management of organic waste streams in the respective sanitation system 
alternatives. As such, estimation of the initial investment costs for the sanitation system alternatives 
was carried out. The estimation of investment costs was informed by supplier information for the 
various components proposed for the sanitation system alternatives. This information was obtained 
from UCU and other suppliers interested in offering related services. In addition, information was 
obtained from relevant literature related to various process/technology installations suggested in the 
system alternatives (Walla and Schneeberger 2008; Pantaleo et al. 2013; Karellas et al. 2010; Pantaleo 
et al. 2013; Walekhwa et al. 2014; FEA 2014; GIZ 2016).  With reference to the information obtained 
estimation of the operating costs which comprised of net operating costs, maintenance and financing in 
addition to insurance costs was carried out for each of the sanitation system alternatives. Moreover, the 
computation of the benefits for the respective sanitation systems additionally factored in the 
environmental and health benefits already discussed.  All estimations were converted to Uganda 
Shillings (UGX) from Euros (€). The total discounted costs and revenues were then applied for 
computation of the NPV, IRR, PBP and a sensitivity analysis was carried out as discussed at a later 
stage.  

6. Main Assumptions considered
The computation of all costs and revenues was based on the following key assumptions;

Equity capital was assumed as 30% of the investment costs for the sanitation systems.
Fugitive emissions from the biogas plant/anaerobic digestion unit accounted for 7% the biogas
amount generated.
An interest rate of 10% was used and this was based on key informant interviews from GIZ -
Uganda and Uganda Energy Credit Capitalisation Company (UECCC).
While the loan payback period was assumed to be 10 years.



For all sanitation system alternatives which consisted of an anaerobic digestion unit, two scenarios 
were considered i.e.; utilization of biogas directly for cooking (BfC) and utilization of biogas for 
cogeneration (CoGen). Error! Reference source not found. shows an overview of procedure adapted 
for assessment of the economic feasibility of the sanitation system alternatives proposed for UCU.

Figure 1: Framework for the economic feasibility assessment of sanitation system alternatives 
proposed for UCU. 

7. Disscussion of Results
Reference can be made to Error! Reference source not found. for the overall assessement of the
sanitation system alternatives. Taking into consideration the CoGen scenario while additionally
incorporating the Status Quo system alternative, which does not consist of anaerobic digestion unit,
the performance trend with reference to the NPV parameter showed that the INTEG 2 alternative
performed best followed by COMPAD LF, INTEG 1, COMPAD, INCAD and finally the Status
Quo alternative. The performance of the alternatives was influenced by the annual income accrued by
the system alternatives. Thus, the higher the annual income, the better the system alternative
performed. The good performance of the INTEG 2 alternative in comparison to all other sanitation
system alternatives was attributed to additional revenues accrued from greenhouse gas (GHG)
emission reduction and sale of briquettes made from digestate. Moreover, the performance trend of the
system alternatives with reference to the PBP and IRR showed that the Status Quo alternative
performed best followed by the COMPAD LF, INTEG 2, INTEG 1, COMPAD and finally the
INCAD alternative. Noteworthy was that for all alternatives, a PBP less than the 10 year loan period
was registered. Meanwhile, with reference to the IRR, the Status Quo alternative registered at least
100%, while the remaining system alternatives registered IRR values ranging between 14-32%. The
registered good performance of the Status Quo alternatives with reference to these two parameters
was attributed to the fact that the main installation considered for the alternative consisted of
modifications to incorporate a roofing structure for the lagoons at UCU wastewater treatment plant.
These modifications would boost drying of sewage sludge, especially during rainy seasons. Given that
such low installation costs would be incurred, yet much higher income would be accrued due to health
improvement benefits, the Status Quo alternative performed significantly better than the remaining
system alternatives.



On the other hand, the better performance of the COMPAD LF alternative in comparison to the 
INTEG 2, INTEG 1, COMPAD, and INCAD alternatives was additionally attributed to the fact that 
the alternative had reduced investment costs. This was mainly because utilization of the composting 
plant at Mukono Municipal landfill was proposed instead of installing a new composting unit. The 
overall economic feasibility performance trend taking into consideration all three parameters showed 
that COMPAD LF˃INTEG 2˃Status Quo˃INTEG 1˃COMPAD˃INCAD.

When the utilization of biogas for cooking (BfC) scenario was considered, all the sanitation system 
alternatives except the INCAD alternative registered positive NPVs. The performance trend showed 
that the INTEG 2 alternative still performed best followed by the COMPAD LF, INTEG 1,
COMPAD, Status Quo and finally the INCAD alternative, which registered a negative NPV.  As was 
the case for the CoGen scenario, the performance was influenced by the potential annual income 
accrued from the respective system alternatives. Thus, the higher the annual income, the better the 
system alternative performed with reference to NPV. Meanwhile, the negative NPV for the INCAD 
alternative was due to the much lower income accrued by the alternative in comparison to the overall 
investment of the system. Given that sewage sludge was considered for incinerated in the INCAD
alternative, the only resources recovered was biogas and the organic fertilizer or soil conditioner from 
the anaerobic digestion unit. As such, the overall annual income from the system alternatives was 
lower in comparison to other alternatives. With reference to the PBP and IRR, the performance trend 
for the system alternatives showed a slight variation from that of CoGen scenario with the INTEG 2
alternative performing better than Status Quo alternative, followed by COMPAD LF, INTEG 1, 
COMPAD and finally the INCAD alternative. Noteworthy was that higher NPVs, lower PBPs and 
higher IRR values were registered for the system alternatives when CoGen scenario was considered 
in comparison to when the BfC scenario was considered. These findings also suggest that it may be 
economically attractive to consider the CoGen scenario instead of the BfC scenario. Although such 
considerations would be based on the University`s priorities.  The overall performance trend with 
reference to all three parameters for the BfC sceanrio showed that INTEG 2˃Status Quo˃COMPAD 
LF˃INTEG 1˃COMPAD˃INCAD. 

Table 2: Summary of Economic Evaluation of Sanitation System Alternatives for both Scenarios 
Item COMPAD COMPAD 

LF
INCAD INTEG 1 INTEG 2 Status 

Quo
Investment cost
CoGen
Investment cost-
BfC

331,588,525
271,045,568

274,426,546
217,919,786

364,709,809
304,166,852

359,684,710
279,158,282

558,602,272
445,279,159

5,443,998

Project Financing
Equity Capital
Loan     

30%
70%

30%
70%

30%
70%

30%
70%

30%
70%

Loan Assumptions 
Interest rate 
Payback period  
Grace period  

10%
10 years
1 year

10%
10 years
1 year

10%
10 years
1 year

10%
10 years
1 year

10%
10 years
1 year

Revenues CoGen
Revenues BfC
Error! Reference 
source not found.

206,315,085
149,811,942

203,436,468
146,933,325

196,044,572
139,541,429

239,965,586
164,813,206

369,430,392
263,668,780

7,424,132

Total operating 
costs(TOC)
TOC-CoGen
TOC-BfC

133,287,445
108,231,462

115,300,097
90,935,656

140,923,224
115,867,240

153,634,864
120,308,628

194,364,142
147,464,847

3,145,307



Annual income
I
ncome-CoGen
Income-BfC

73,027,641
41,580,481

88,135,378 
55,996,677

54,121,348
22,674,189

86,330,722
44,504,578

175,066,250
116,203,934

4,278,825

Financial
Evaluation
NPV-CoGen
NPV-BfC
PBP-CoGen
PBP- BfC
IRR–CoGen
IRR - BfC

290,136,945
82,952,506

4.5years
6.5years

22%
14%

475,427,399
266,378,354

3.1 years
3.9years

32%
25%

96,055,737
-111,128,703

6.7 years
13.4years

14%
-

375,297,396
98,629,322
4.2 years
6.3years

24%
15%

931,835,406
549,714,885

3.2 years
3.8years

31%
26%

30,983,329

1.3 years

79%

Source: Author Note: All Monetary values are represented in Uganda Shillings (UGX) 

8. Senstivity Analysis
Having identified certain hot spots from the assessment of the sanitation system alternatives discussed,
a sensitivity analysis was carried out fully appreciate the influence of adjustments to the performance
of the system alternatives. In the sensitivity analysis, variation of the interest rate, percentage of equity
capital and biogas losses anticipated was carried out. During the sensitivity analysis, focus was also
drawn to the CoGen scenario given the better performance registered in comparison to BfC scenario.
Thus, the following adjustments considered included;

Reduction of fugitive emissions from the biogas plant/anaerobic digestion unit to 5% and
later to 3% was considered since the initial computation of NPV, IRR and PBP factored in
the worst case scenario of fugitive emission of up to 7% of the biogas produced. The
adjustment in fugitive emissions considered was based on experiences in measurement of
fugitive emissions at biogas plants mostly in European countries, which registered fugitive
emissions in the range 3-10% (Jonerholm, Lundborg 2012; Jørgensen, Kvist 2015)
Adjustment of the interest rate from 10 % to 12%, which is also used conventionally to
annualize capital payments in certain developing countries such as Uganda in a study carried
out by (Walekhwa et al. 2014).
Furthermore, a 5% discount rate was considered based on the assumption that a credible
relationship between UCU and other financial institutions could influence reduction in the
interest rate on loans acquired.
Lastly, variation of equity capital for investment from 30 %( base case) to 20 %( worst case)
and finally 40 %( best case) was considered. Given that UCU is a private University,
implementation of any selected sanitation system would imply that necessary funds would be
contributed by the University. Moreover, the fact that UCU is interested in shifting from the
dependence on firewood for cooking to cleaner energy sources such as biogas while
managing  sewage sludge from the WWTP was an additional motivating factor (UCU 2012).

In general, the results from the sensitivity analysis showed that reduction of fugitive emissions from 
the anaerobic digester or biogas plant to 5% and later 3% positively influenced the NPV, PBP and 
IRR for all five alternatives. In comparison to the base case scenario where initial assumptions were 
considered, the NPVs increased by at least 7% while the PBP reduced by at least 1 month and only a 
2% increment in IRR was noted for all the alternatives. Thus, reduction of fugitive emission 
significantly affected the NPV since more biogas would be available for cogeneration, which would in 
turn contribute to additional electricity and heat sales, accruing more annual income. Adjustment of 
the interest rate to 12% while maintaining equity capital at 30% and fugitive emissions at 7% resulted 
in the reduction in NPVs by at least as would be expected. In particular, the INCAD alternative 
registered a negative NPV 27% for the COMPAD, COMPAD LF, INTEG 1 and INTEG 2
alternatives in comparison to the NPVs computed in the base case scenario. Meanwhile, the INCAD
alternative registered a negative NPV.  



The trend of performance still showed that the INTEG 2 alternative performed best followed by the 
COMPAD LF, INTEG 1and finally the COMPAD alternative. Moreover, with reference to the PBP 
and IRR, the COMPAD LF alternative still performed better than the other alternatives.  Adjusting 
the interest rate to 5% no doubt resulted in much higher NPVs, much lower PBPs and slightly higher 
IRR values for all sanitation system alternatives considered. Reducing the equity capital to 20% 
showed reduced NPVs, increased PBPs and much lower IRR values. Increasing the equity capital to 
40% no doubt positively influenced the result for the sanitation system alternatives with significant 
increase in NPVs of at least 100%, lower PBPs by up to 1year and higher IRR values by at least 6% 
in comparison to the base case scenario. Moreover, under these conditions, the INCAD alternative 
also registered a positive NPV. A final adjustment to check the influence on the results when no equity 
capital was considered showed that only the INTEG 2 and COMPAD LF alternatives were feasible 
since they registered positive NPVs and the PBPs registered were below 10 years, while the IRR 
values were at least 15%. The COMPAD, INCAD and INTEG 1 alternatives all registered negative 
NPVs, IRR values of less than 10% and PBPs ranging from 9.6 years to 18.6 years.  Therefore, the 
sensitivity analysis highlighted key areas that could be considered in case of necessary adjustment for 
implementation of sanitation systems. Particularly in case the CoGen scenario was considered, then 
equity capital of at least 30%, an interest rate less than 10% and fugitive emissions less than 7 % 
would positively influence the economic feasibility of all the sanitation system alternatives which 
consisted of the anaerobic digestion unit.  

9. Conclusion
This paper set out to investigate the economic feasibility assessment of sanitation system alternatives
proposed for UCU.The assessment which was carried out based on a cost benefit approach
additionally incorporated computation of net present value (NPV), payback period (PBP) and internal
rate of return (IRR) as additional parameters. The results from the assessment indicated that the
feasibility of the sanitation system alternatives was positively influenced by inclusion of the anaerobic
digestion process which allowed for resource recovery from sanitation system alternatives. Generally,
the combination of low system investment costs and increased revenues from resource recovery
positively influenced the good performance of the COMPAD LF alternative. Meanwhile, increased
resource recovery in the form of biogas, organic fertilizer and briquettes from digestate contributed to
the overall good performance of the INTEG 2 alternative. Moreover, low investment costs also
influenced the better performance of the Status Quo alternative which did not consist of an anaerobic
digestion unit. In addition, consideration of other aspects such an equity capital of at least at least 30%,
an interest rate of atmost 10% and fugitive emissions less than 7 % would positively influence the
economic feasibility of all the sanitation system alternatives proposed for UCU.
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Introduction
The aim of this study is to develop a tool capable of analysing the impact of the urban typologies 
where is implemented source separation system on wastewater regarding energy balance. By 
separating the wastewater flows before mixing into the sewer, each flow keeps their 
characteristic, and could be valorised separately. Urine contains the large part of the nutrients 
(around 80% of the nitrogen and 50% of the phosphorus from domestic wastewater (Meinzinger 
and Oldenburg, 2009) whereas faeces contains the large part of the organic matter (around 60% 
(Meinzinger and Oldenburg, 2009)). Several studies analysed the environmental impacts of 
source separation (Landry and Boyer, 2016; Remy, 2010) but a few by taking into account the 
urbanism form where it is implemented (Meinzinger et al., 2010). This is why, this work studies 
two different separations (urine and black water) regarding different urban forms. Correlation 
between urban form and type of source separation will be analysed. Furthermore a sensitivity 
analysis will be carried out on the size of the district. 

This work is the first part of the French project MUSES (Urban modelling of source separation 
systems) which aims to build a decision support tool to evaluate the different solutions of source 
separation (urine separation, black water separation…) in a specific urban implementation with
real case studies. This tool will be further used to support the emergence of pilot project.
Material and Methods
Two different solutions of source separation system are studied: 1) urine source separation; 2)
black water collection (urine and faeces), and compared to the conventional collection and 
treatment of wastewater. In the first solution, the urine is transported by truck from storage near 
the production and until the treatment point. The rest of the wastewater is transported by 
conventional sewer and discharged into the wastewater treatment plant. In the second solution, 
the black water is collected by vacuum sewer and treated in decentralized system. The
greywater is sent to the wastewater in a first option and in a second variant it is treated locally.

The 7 typologies representing European cities described by (Bonhomme et al., 2012) are 
studied: discontinuous pavilions, continuous pavilions, continuous blocks, discontinuous 
blocks, high-rise towers, ancient centre and industrial buildings.  

The modelling approach is composed of four blocks: 1) the district with each urban form; 2) 
the collection and transport of flows (pipes or trucks); 3) the treatment of each flow; 4) the 
valorisation of by-products.  

The first block uses the statistical parameters highlighted by (Bonhomme et al., 2012) as 
building density, land coverage ratio, road density …, for the creation of the 7 theoretical 
districts. The second block designs the network collection regarding distance and wastewater 
flows. The urine is collected by truck and the black water by vacuum sewer. The treatment 
block consists in the modelling of each treatment unit: anaerobic digestion of the black water,
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precipitation of struvite from urine and the conventional wastewater. In the valorisation block 
the transport and the use of co-products, here struvite, digestate and energy is simulated. A
variant scenario will be the use of urine after precipitation to agriculture. Each simulated 
scenario is analysed with energetic assessment on the whole system.  
Results and Discussion 
The study will highlight by a sensitivity analysis the effect of urban typology on the source 
separation system. For that two main aspects are studied. First, the effects of the scale of 
decentralisation for black water treatment are carried out. The size of the district with source 
separation is modified. The feasibility of black water digestion (size of the digester) is compared 
to the energy consumption linked to 
processes and especially the transport. 
The same analysis is conducted for urine 
treatment and transport. Secondly, the 
results of this study is analysed regarding 
the combination between type of 
separation and urban typology, in order 
to highlight if a specific source 
separation system seems most suitable in 
a particular urban typology. In this part, 
the specific significance of each 
parameter regarding each typology is
investigated in order to assess the urban 
drivers for source separation. The figure 
1 shows typical results obtained from the 
simulation.  

This analysis on energy balance is the first step of analysis for construction of the tool. In a 
second part of the project, several criteria (environmental assessment, economic balance) will 
be used to assess the link between urban form and source separation system.  
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Figure 1: Typical results (energy balance) which are obtained by the

simulation (from (Besson et al., 2015; Bisinella de Faria et al., 2015))
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Introduction

The NEST Building (nest.empa.ch) is a living lab accommodating housing and office units. 
The building has been operational for 6 months (since August 2016) and activities are 
gradually increasing in both the living and the lab aspects, i.e. the life in the building hosting 
workers and inhabitants as well as the research on technologies implemented in the building. 
Wastewater research in NEST gravitates around the Water Hub (www.eawag.ch/waterhub) 
located in the basement. As presented at the previous edition of this conference (Etter et al., 
2016), the wastewater streams in NEST are collected separately. Source separation plays the 
key role in the building's wastewater management, given that resources can best be recovered 
from separated waste streams (Larsen et al., 2013; Larsen & Gujer, 1996). However, at a 
practical scale, source separation is still a novel concept and no off-the-shelf solutions exist. 
Hence, this novel sanitation system requires specific technical know-how and skills of 
architects, planners, and craftspeople during its conception, design and implementation. In
addition, users need to accept the new systems and learn how to use them. This paper shall 
summarise the findings and practical experience of the first stage of the implementation of 
source separation in NEST, in order to formulate recommendations for future systems. 

Material and Methods

Piping 
In NEST, the following streams are collected in separate pipes: urine, brownwater (faeces
with flush water), less concentrated greywater (from bathrooms), more concentrated 
greywater (from kitchens), and rainwater. An additional pipe receives mixed wastewater,
wherever the streams cannot be separated at the source.

Urine-Diverting Toilets
To effectively separate urine and faeces at the source, a new urine-diverting flush toilet 
(Duravit, Hornberg, Germany) has been thoroughly tested in NEST. A series of ten prototypes 
was installed and maintenance issues reported. Simultaneously, users were asked to respond 
to two types of surveys: Occasional users were probed about their attitude towards 
urine-diverting toilets and the tested prototype in particular, whereas regular users were asked
to feed back on the toilet's technical functioning. Urine from the toilets was collected in the
Water Hub and volumes recorded on a daily basis.  

Greywater
Greywater is collected separately as 'light' and 'heavy' greywater, i.e. less polluted greywater 
from bathrooms, respectively more polluted greywater from kitchens.
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Figure 1. Cross-section of the NEST 
building indicating the main waste-
water flows separated at the source, 
then collected and treated.  

Less concentrated greywater
More concentrated greywater
Brownwater
Urine
Rainwater
Mixed wastewater

Results and Discussion

Piping 
Implementing a source separation system in NEST proved to be a challenge. The exchanges 
between researchers, planners, and later on contractors on the construction site showed not to 
be sufficient to completely avoid misconnecting pipes. In the brownwater pipe, clogging 
occurred several times at a bypass in the Water Hub, because the stream had a relatively high 
solids content and the pipes were sloped at the usual 2% resulting in an excessively slow flow. 
Given that NEST will be expanded with new units, special care will have to be taken to 
correctly implement all future connections. A fact sheet was developed for contractors to be 
briefed to understand the rationale behind source separation and beyond standard solutions.  

Urine-Diverting Toilets
First evaluations of the urine-diverting toilets show that the electronically controlled 
separation valve operates well and that most users appreciate the toilet. A gasket had to be 
replaced, after urine leaked from the valve unit. The facility management did not experience 
any additional workload with cleaning the toilets. However, an issue with the toilet design led 
to the replacement of the urine-diverting toilets with conventional flush toilets during the 
construction: the prototypes did not fulfil the dimensional norms for barrier-free toilets. 

Greywater
Greywater flows were considerably low, given that the habitants of NEST had not yet moved 
in. Thus, greywater treatment has been limited to preliminary lab-scale experiments. Currently, 
a new unit housing a spa is under construction. Hence, much more ‘light’ greywater will be 
available upon completion of the unit. In the future, additional units will complement NEST.
Owing to this, source separation will become more of a standard solution. 
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Introduction

Vermifiltration toilets, using earthworms to degrade human waste, have recently been 
demonstrated as an innovation in on-site sanitation (Furlong et al. 2014), with several hundred 
now installed in households in India (Furlong et al. 2015). The anticipated benefits of this 
low-cost sanitation technology over conventional pit latrines include a reduced pit filling rate, 
fewer odours, and safer emptying (Templeton 2015). The objectives of this study were to 
determine the rate of filling of vermifiltration toilets that have been in use by households in 
India for up to three years, gain a better understanding of the liquid infiltration rate through 
the toilets, and directly observe the feeding patterns of the worms. 

Material and Methods

A laser measure was used to take cross-sectional measurements (Fig. 1) of the depth to the 
vermi-compost layer in 14 vermifiltration toilets of varying installation ages, in the villages of 
Jejuri, Bhalgudi and Adachiwadi, near the city of Pune in Maharashtra province, India. These 
measurements also allowed observation of the non-uniformity of the distribution of the 
introduced waste and of the accumulated compost within the pits. A survey was also 
conducted with the toilet owners to determine the number of users, quantify usage habits, and 
identify any problems with the functioning of the toilet. Soil and compost samples were also 
collected at each location for use in bench-scale column tests to assess liquid infiltration rates.
Photos were taken to examine changes over time in the interior pit conditions, and a video 
camera was installed in selected pits to observe the worm action in situ under red light. 

Results and Discussion

The calculated fill rates of the vermifiltration toilets represented a significant improvement 
over the estimated emptying frequency of conventional pits of a similar size and usage rate. 
Several factors caused variability in this fill rate, but the benefit in terms of reduced filling 
rate versus a conventional pit was clear. The infiltration of the liquid fraction of the waste was 
observed to be a key factor in pit filling; further research is needed to understand potential soil 
pore clogging with the vermi-compost over time, whether this varies seasonally (i.e. in the 
monsoon versus dry season), and how this affects infiltration and fill rates.

The camera imaging confirmed that the worms consume the newly introduced waste very 
quickly upon introduction into the pits, before then returning below the surface (Fig. 2).
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Figure 1. Example of a fill depth contour plot from cross-sectional laser measurements of a cylindrical pit. 

Figure 2. In situ monitoring of worm activity in a vermi-filtration toilet. 

Acknowledgements

We gratefully acknowledge the assistance provided in India by colleagues from Primove, Bear 
Valley Ventures, and the Institute for Transformative Technologies, as well as the household 
members for allowing us access to their toilets for measurements and imaging. This research 
was partly supported by the UK Engineering and Physical Sciences Research Council, grant 
number EP/N010124/1.

References

Furlong, C., Templeton, M.R., Gibson, W.T., 2014. Processing of human faeces by wet vermifiltration for 
improved on-site sanitation. Journal of Water, Sanitation and Hygiene for Development 4, 231-239.

Furlong, C., Gibson, W.T., Templeton, M.R., Taillade, M., Kassam, F., Crabb, G., Goodsell, R., McQuilkin, J., 
Oak, A., Thakar, G., Kodgire, M., Patankar, R., 2015. The development of an onsite sanitation system based 
on vermifiltration: the ‘Tiger Toilet’. Journal of Water, Sanitation and Hygiene for Development 6, 608-613.

Templeton, M.R., 2015. Pitfalls and progress: a perspective on achieving sustainable sanitation for all. 
Environmental Science: Water Research and Technology 1, 17-21.  



Sustainable sanitation management tool for decision 
making in isolated areas in Brazil 
Ref # S2SMALL-05813 

Magalhães Filho, F.J.C1,2*, Queiroz, A.A.F.S.L, Paulo2, P.L2

1 Dom Bosco Catholic University/Campo Grande, Brazil 
2 Federal University of Mato Grosso do Sul/Campo Grande, Brazil 

* Presenting Author: fernando@ucdb.com

Abstract: There is a wide range of technical sanitation guidelines focusing on small or 
traditional communities for ecological alternatives at a household level. However, a
computational tool that has a database and connects these guidelines in a single reference 
for resource oriented sanitation concept decision making does not exist. In this sense, the 
objective of this project was to develop an easy-to-use tool, for the decision-making 
process, choosing technical solutions, to managing the operation and maintenance of the 
systems with a participatory approach. The results obtained from the demonstrative study 
indicate that the tool proposed in this research project will be of great value, helping the 
decision making process, to aid in choosing sustainable sanitation solutions and also for the 
operation and maintenance of the systems. When presenting and discussing the tool with 
research groups and technicians, we could notice that it has great potential for participatory 
application, for the elaboration of municipal sanitation plans, assisting technicians of 
municipalities and environmental licensing agencies, designers and engineering students, 
among others. The software can be applied with other management tools, such as the 5W-
2H and Canvas as a business model.

Keywords: basic sanitation, guidelines, management, rural area, software, website. 

INTRODUCTION 
In general, implemented sanitation projects that did not work were results of decisions taken 
without the participation of the concerned population or without taking into account local 
conditions or aspirations. The implementation of the work cannot be seen as the sole objective 
of the project. Stakeholders should not be limited to the provision of local infrastructure by 
the authorities. This difficulty is clearly one of the main challenges in providing sustainable 
sanitation and in managing activities (Beausejour, 2009). Engaging stakeholders in the 
proposal selection is essential to the success of the objective (Bryson, 2004) and community 
involvement is often the only solution to solving solid or liquid waste problems in low-
income areas. In this sense, the community's awareness and willingness to participate are 
important aspects to consider when planning and implementing sanitation alternatives. It is 
fundamental that the water and sewage service management bodies allow community 
involvement, motivating and gaining trust in decision making. In isolated communities, this 
participative management is essential and community information and wishes should be 
considered in the decision making process. 

Regarding planning and decision making processes aimed at sustainable sanitation solutions,
guides, manuals and tools developed by multidisciplinary groups exist. The IWA Sanitation 
21 (IWA, 2006), for example, aims to support municipal and local authorities in preparing 
municipal sanitation plans in a rational and realistic manner. The EAWAG-SANDEC 
Compendium of Sanitation Systems (Tilley et al., 2014) was developed in the context of 
sustainable decentralized environmental sanitation, composed of a participatory planning 
process (EAWAG, 2005). It groups a wide range of technologies in a single volume, helping 



the user to understand and work with the system definition. There is also the SSWM toolbox 
(Sustainable Sanitation and Water Management), the most comprehensive collection of
technologies (Conradin et al., 2011). The main benefit is its holistic approach: from assisting 
in identifying local problems, supporting the planning process and presenting numerous 
solutions that are likely to improve the local situation. Although there is extensive literature 
on the subject, when it comes to studies and documents in Portuguese, it is still scarce. There 
are Brazilian experiences and documents that serve as tools to compile technologies and give 
general ideas about constructive, operational and maintenance aspects, such as: the FUNASA 
(National Health Foundation) sanitation manual, which deals with water supply, domestic 
sewage, rainwater drainage and solid waste management (Brazil, 2004); the guide of 
operational and maintenance aspects of septic tank sludge using constructed wetlands (Brazil, 
2014a). Recently, a book with health improvement guidelines focusing on residential
sanitation (Brazil, 2014b) has been elaborated, which complements the manual of technical 
guidelines for the elaboration of residential health improvement projects (Brazil, 2006b), all 
developed by FUNASA, which is responsible for traditional and isolated communities in the 
country (Brazil, 2007).

Concurrently with the documents, technical books and manuals, there are computational tools 
with the same purpose, such as: WAWTTAR (Finney and Gerheart, 1998), SANEXTM

(Loetscher & Keller, 2002), SETNAWWAT (Sah et al., 2010) and DSS to select and plan in 
emergencies situations (Zakaria et al., 2015), elaborated for specific applications. These
computational tools tend to have an exhaustive amount of criteria that hinders the user when 
there is not a large number of information about the community being studied. They are
neither flexible nor do they have user-friendly interfaces, which in our view would be to be 
able to insert and remove criteria and technologies and have the possibility of proposing 
sanitation arrangements, which is only possible with a connection to a database. Aiming to
propose a user friendly tool to assist in the selection of technical and management solutions 
for sanitation services in isolated areas, the objective of this work was to present the tool we 
have developed, which takes into consideration the selection of technically acceptable 
solutions, for the decision making process in a participatory approach with the community. In 
addition to the software itself, the complete tool considers two interventions: the first one with 
sanitation professionals and the second one with householders.

MATERIALS AND METHODS 
The tool was developed in 4 steps: i) building the concept of the sustainable sanitation 
management tool; ii) development of a database (PostGreSQL) to analyze the basic sanitation 
situation related to water supply and domestic sewage; iii) selection of technologies and 
decision criteria; and iv) computational program (Java) with a decision tree based on the 
analysis of the situation and alternative of technologies. 

Database management software design, diagnosis, systems and technologies 
The design of the tool (Figure 1) was based on the integration of Sanitation 21 (IWA, 2006) 
and Safety Sanitation Planning (WHO, 2015), as well as Term of Reference from FUNASA 
for sanitation plans. The diagnostic model proposed here follows the recommendations of the 
Sustainable Sanitation and Water Management toolbox – SSWM toolbox (Conradin et al., 
2011), with a database. The selection criteria for sanitation systems and technologies are 
based on Compendium (Tilley et al., 2014), Greywater Management (Morel & Diener, 2006), 
NBRs (Brazilian Technical Standards) and case studies from FUNASA and PROSAB 
(National Research Program on Basic Sanitation). 



Figure 1. Modules of the sustainable sanitation database management software. Stages: (i) identification of the 
context and stakeholders; (ii) diagnostic with database (DB I); (iii) identification of risks, prioritization of the 
community problems by informative form; (iv) classification using class form by selection criteria from decision 
tree to obtain (v) alternative sanitation systems, which presents technologies from DB II (second database). 
Subsequently, the report is generated with the participatory approach and selects the sanitation system to (vi) 
develop programs and implementation plans. Lastly, (vii) monitor & control measures verify performance and 
review plans. 

The first step is to identify the stakeholders who will carry out the diagnostic. The diagnostic 
has two forms: informative and class forms. The information form is divided into two
sections: fixed and flexible. The fixed section allows the user to generate graphs and perform a 
statistical analysis, with information from several households. The flexible section allows the 
user to insert different types of questions such as multiple choice, single choice, and 
descriptive questions in addition to attaching photos and coordinates.

Decision tree and participatory approach 
The decision tree (Figure 2) crosses the diagnostic (DB I) information (class form) with the 
selection criteria adopted to obtain possible sanitation systems (DB II). After generating the 
report with sanitation systems and technologies, a workshop is conducted through a 
participatory methodology to choose the most appropriate option according to the community. 
In the technology database (DB II), there is information about technical options 
(implementation, operation and maintenance aspects); environmental aspects (groundwater 
level, rocky soil/area and digging/excavation difficulty, etc.); cultural aspects (urine use in the 
soil, squat defecation, and religious aspects regarding water, feces and urine, among others). 
Details of the sizing criteria, suitability for the region and location, health and acceptance 
aspects by members, operation and maintenance, and the advantages and disadvantages are 
presented and discussed with the local members.



Figure 2. Decision tree based on class form linked to the database (BD II) with sanitation systems 
(in portuguese). 

Case study in the Furnas do Dionísio Quilombola community 
The demonstrative study was carried out in the community Furnas do Dionísio, Brazil, to 
demonstrate the use and application of the tool from data collection (diagnostic) to the 
selection of the technological arrangement for domestic sewage. The diagnostic was made 
through informative and class forms. The participatory methodology was to present the results 
from software to the community and to select sanitation systems with the community, which 
was based on the integration of community-based approaches (Table 1). 

Table 1. Integration of community-based approaches (WaterAid, 2013). 
Community-based 

approaches Description Objective

SARAR
Self-esteem; Associative strength; 
Resourcefulness; Action Planning; 

Responsibility
to encourage participants and identify 

local actors
CHC The child-to-child approach

PHAST Participatory hygiene and sanitation 
transformation

to include people with experience in 
the process

CLTS Community-led total sanitation
addressing sanitary conditions that 

reflect health and hygiene in the rural 
area

Business model and sanitation system implementation 
For the implementation of the chosen sanitation system, a business model was presented by 
the Canvas methodology and the use of the 5W2H management tool (Osterwalder and 
Pigneur, 2010). Considering the relevance of stakeholder participation in the choice of the 
sanitation arrangement, the Canvas was used at the end to understand the local business 
model, adopting the following steps: (1) meetings with the community on ecological 
alternatives for sanitation; (2) use of the software by the technical team to decide which 
alternatives to present; (3) holding a workshop with the community using participatory 
methodology to choose the arrangements and technologies; consult the technology 
information in the DB II; (5) use of the 5W-2H management tool for implementation. It 
should be noted that the diagnostic database could be used for information, such as indicators, 
to be stored in order to evaluate the communities’ performance and to control whether the 
sanitation plans have been effective. 



RESULTS AND DISCUSSION 

Application and validation of a sustainable sanitation management tool 
Figure 3 shows the schematic frame with the steps of the process using the tool for the case 
study in the Furnas do Dionísio Quilombola community.  

(i) Stakeholders: members and leaders from the community, sanitation professionals from FUNASA,
resource-oriented sanitation specialists, farmers.

(ii) Diagnostic Sanitation 
Systems/Systems 
and Technologies 

report (v)

Participatory 
approach/ 

Selection stage by 
choice (vi)

Informative form (iii) Class form/Decision tree
(iv)

01 Edification (leisure and 
coexistence area)

A5.4 Biogas without 
urine-diversion and 

flushwater

No, without 
equipment, material

and specialists.
02 Bathrooms (male and 

female).
A6.2 Conventional 
sewage disposal in 

soak pit with 
flushwater

No, there is no reuse 
and sludge 
production.Conventional flushwater toilet.

Greywater from washbasin and 
shower mixed with blackwater

and disposal in inadequate 
septic tank (soak pit/soil 

without treatment).

A7.3 Ecological 
Sanitation alternative 
for blackwater with 

flushwater

Yes,
Evapotranspiration 

Tank (TEvap)Greywater from the kitchen 
sink in the open drains, close to 

animals and children.
Inadequate/unsuitable septic 

tank close to the well for water 
supply.

A8 Sludge 
management

TEvap there is no 
significant sludge 

production

Food production and tourist 
activities close to the location.

A9.1 Conventional 
greywater 

management

Without landscape 
integration

The groundwater table is not 
shallow, but the terrain has 

rocks and can make excavation 
difficult.

A9.2 Sustainable 
greywater 

management

Banana circle/Banana 
garden/Infiltration of 

greywater.

Figure 3. Stakeholder’s identification, diagnostic, decision tree, sanitation systems and participatory approach. 

Magalhães Filho & Paulo (2017) conducted a study in the rural Quilombola communities in 
Brazil, where it as observed that there is no participatory management model in the decision-
making process for choosing alternatives for water and sewage treatment, since there is only 
one system model, both for water and sewage based on groundwater collection lacking 
operation and maintenance and with no adequate treatment. For sewage, the only alternative is 
a dry or absorbent pit, with no possibility of reuse of the nutrients present in the sewage, 
making it impossible to find a sustainable sanitation system. This indicates that an individual 
household evaluation of the water supply and sewage conditions is important. There are 
differences between the homes, which allows several technological options within the same 
community.  

The demonstrative study was also efficient to evaluate the participatory methodology chosen 
for the case study, which was widely accepted by the community and showed positive results 
regarding the consensus of the chosen technologies. 



In the first intervention after applying the software (Intervention I - Technique), the system 
with the biodigestor was discarded due to the difficulty of implantation and operation (cost 
and labor, among others). The option of systems without water (dry) was suggested even if it 
was not a result of the software, in order to reduce the consumption of water in the 
community. However, there was no interest from the members (Intervention 2 - Community), 
as they are culturally accustomed to using water, being the preference of the majority. In 
addition, they receive visitors and tourists who are not accustomed to not using water. Thus, 
among the options, the community opted for evapotranspiration of black water, with the 
TEvap (Evapotranspiration Tank), in conjunction with the banana tree as a technology. The 
choice was based on the interest to reuse the water and take advantage of the nutrients and in 
order to provide a more harmonious landscape environment, attractive for the tourism 
activities inherent to the location. A lower operation and maintenance demand with easy 
implantation of the materials, equipment and local labor, without generating mud, odor and 
vectors, common to other systems and their technologies was also observed. 

Business model 
After the structured business model (Table 2) it was possible to verify that with value 
propositions clarified to the community (customer segments), guaranteeing the choice of this 
sanitation arrangement was an important factor. After all, an ecological option was adopted 
with regards to what had been implemented.

Table 2. The schematic business Canvas model.

Key partners Key activities Key resources Valuable proposals

FUNASA; 
community members 
and leaders; NGOs,

technicians from 
water and sanitation 

services utilities.

Implement TEvap 
and Banana circle; 
collect greywater; 

collect fruits, prune
and clean plants; 

produce and 
sell/consume

bananas.

Technicians and 
sanitation 

professionals;
construction of 

sewerage systems;
favorable tourism 

environment.

Promote the reuse of 
water and nutrients

from domestic 
sewage, avoiding 
contamination and 

reducing health risks.
Improving the local 

landscape and 
tourism conditions in 

the community.

Customer 
relationships Customer Segments Channels Cost structure and 

Revenue Streams
Permanent user 

guidance on 
technology use;

monitor market of
the production, sale 
and consumption of 
bananas; update data 
in the computational 

tool.

The Furnas 
community 

convention center;
workers in the sugar 

production.

Regular meetings, 
radio and cell phone 
messages; constant 

use of software;
educational and 
environmental 

actions with the
community.

Resource for 
household sanitary 

construction
improvements can be 
used for sustainable 
sanitation systems; 

use of local labor at a 
lower cost.

In addition, it is explicit how sanitation, besides providing better health and environmental 
conditions, guarantees users the possibility of promoting tourism in the region, as it 
guarantees adequate conditions to receive visitors, improving the local economy, a fact shown 
by Arthur & Mensah (2006).



In order to diffuse and share the software there is a need to invest in key resources 
(technicians and consultants), and resources used for conventional systems (septic tank, soak 
pit) can be reverted to the options chosen in a participatory way (revenue streams ). It is 
necessary to follow up on activities with health and environmental education workshops and 
programs, as suggested by Magalhães Filho & Paulo (2017) and detailed in the business 
model in the customer relationship and channel items.

CONCLUSIONS 
The article presented a sustainable sanitation tool with database management software, the 
conception, diagnosis,  a decision tree and its criteria and technologies and sanitation systems 
with emphasis on ecological sanitation alternatives. The software can be applied initially at a 
home (residence), in a community building such as a school, shelter for minors, community 
living space, a neighborhood, or even for the whole community. The diagnosis can identify 
risks, understand problems and prioritize actions. The decision tree ensures flexibility to the 
user by inserting technologies and creating new sanitation systems, allowing the database 
information to be used in the diagnostic step in the decision process. This tool based on 
artificial intelligence is database driven and useful for decision making, since many existing 
documents that address numerous technologies end up making the choice complex and often 
the designers and technicians make customary decisions. 

The proposed methodology allows the application of the software during the elaboration of 
plans. The information database can be used as an indicator to evaluate the conditions using a
project horizon, analyzing the goals, programs and actions in the sanitation area. Although it 
was applied to Quilombola communities, it can be used in different contexts: urban, rural, 
settlements, favelas, peri-urban areas, among others. The tool provides the need to involve the 
community in the participatory decision-making process and it is suggested that the 
participatory methodology be adapted to local conditions. 

The case study permitted the validation of the applied software, with real results and that 
enabled the implementation of the chosen system. The software application demonstrates that 
communities are able to make sanitation decisions and choose more sustainable technologies 
and sanitation systems. It became clear that by enabling ecological sanitation alternatives with 
the separation of domestic effluents, the community understood that there are better options 
than conventional technologies such as septic tanks, enabling the reuse of water and 
utilization of the nutrients present in domestic sewage. 

The software can be applied with other management tools, such as the 5W-2H and Canvas as 
a business model, both to implement technologies, but also to clarify how the proposal of 
ecological alternatives for resource-focused sanitation presents a more interesting valuable 
proposal and provides gains with users focused on health and environmental education. 
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Introduction
There is great need for a system that can safely recycle hand washing water, enabling 

improved sanitation with minimum capital and energy demands. Biologically activated
membrane bioreactor (BAMBi) systems are a promising technology to deliver affordable 
household treatment of greywater (Künzle et al., 2015). However, the water treated with a 
BAMBi system still contains sufficient carbon to fuel bacterial regrowth. Some disinfection or 
post-treatment is thus necessary in the storage tank.  

Chlorination is the most common disinfection for greywater recycling (Boyjoo et al., 2013), 
and can be achieved by direct dosing or by producing chlorine using electrolysis (Kraft,
2007). Because chlorine can react with diverse compounds in the water, the required dosage 
to inactivate bacteria depends heavily on the water quality, which fluctuates with the 
efficiency of the upstream treatment. In this study, we monitor the residual chlorine, which 
determines the inactivation. Electrolysis may effectively combat bacterial regrowth at lower 
free chlorine concentrations as it can produce strong oxidants. Additionally to killing bacteria 
more efficiently, strong oxidants can mineralize DOC (Kraft, 2007), which may result in a 
reduction of carbon available for bacteria, measured as assimilable organic carbon (AOC).  

This paper seeks to compare the performance of electrolysis and direct chlorination as
post-treatments for synthetic hand washing water treated in a BAMBi and filtered through 
granular activated carbon (GAC). A full-scale system including three different dosages of 
electrolysis and three different dosages of direct chlorination was evaluated over a period of 
70 days, experiencing the disruptions from stable system operation that will influence the 
selection of the chlorine targets. 

Methods and Materials 
A BAMBi reactor was constructed using a 52-liter plastic tank and ultrafiltration membrane 

modules (Microdyn), fed synthetic greywater (75 liters per day) and aerated. The permeate 
from the membrane was pumped to a GAC filter and then to 7 post-treatment tanks operated 
in parallel (1-day residence time). Three tanks were dosed with different concentrations of 
chlorine and three with different dosages of electrolysis .Electrolysis employed boron-doped 
diamond electrodes (WaterDiam, Delémont, Switzerland). The tanks were monitored for free 
and total chlorine concentrations, DOC, AOC and total cell counts (TCC).

Results and Discussion
Figure 1 a. and b. demonstrate that generally stable free chlorine concentrations were 

achieved both using electrolysis and by direct chlorine addition. Target concentrations were 
0.2, 1 and 5 mg/L of free chlorine. Both treatments reduced significantly the TCC. The 
median TCC was reduced from 6x105 cells/ml in the control to 9x104, 2.9x104 and 2.5x103

cells/mL for increasing direct chlorination concentrations respectively, and to 8.79x104,
1.1x104 and 2.9x103 for increasing electrolysis concentrations (Fig 1 c. and d.). Increasing 
concentrations of free chlorine produced reductions in bacteria concentrations in the storage 
tanks. Municipal drinking water in Zürich Switzerland averages 8.97x104 cells/ml (Hammes 
et al. 2010). Even the lowest dosages of electrolysis and direct chlorination were able to bring 



the median TCC to that level. TCC concentrations were near identical for a given free 
chlorine concentration achieved through electrolysis or direct chlorination.  

The DOC and AOC concentrations for the electrolysis or chlorination tanks were not 
clearly different from the control (Fig 1 g. and h., only AOC). The daily variation in DOC and 
AOC in each post-treatment tank appears to be more impacted from the water quality entering 
that tank, and less impacted by the post-treatment. The average AOC in all tanks (108 mg/L) 
was much higher that estimated for bio stability (32 g/L, Hammes et al. 2010), thus  AOC 
limitation may not be an effective antibacterial mechanism in this system.

Electrolysis and direct chlorination are equally good at reducing TCC and none of them 
improved the regrowth potential of the water. It seems that chlorine is the main compound 
produced by the electrolysis in the present configuration. 

Figure 1: Free chlorine, total cell count (TCC) and AOC for three different dosages of direct chlorination (left 
plots), three dosages of electrolysis (right plots) and one control tank. The axis titles and scales are the same for 
horizontal pairs. All plots have the same x-axis.

We observed how variations in the permeate quality can lead to increased TCC. On day 43, 
the concentration of ammonia in BAMBi’s permeate increased from 0.2 mg/L average to 2.7 
mg/L. This led to a drop of free chlorine concentration from 0.2 mg/L average to 0 in the low 
electrolysis dosage tank, which caused an increase of TCC from 1x105 to 6x105 cells/mL. In 
tanks with higher residual free chlorine concentrations no increase of TCC was observed. We
recommend operating with a minimum of 1 mg/L free chlorine residual to compensate for 
these disruptions, obtained by direct dosage or electrolysis with equal effect on water quality.
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Introduction

Composting toilets can be applied as component of the sanitation system at remote objects in 
the alpine region. Due to the extreme climatic conditions, the degradation efficiency of the 
composting process for the reduction of hygienic parameters is unknown. However, for 
sensitive areas e.g. for drinking water protection the hygienic risks of compost disposal are of 
interest for water utilities. Chemical and physical parameters impact the composting process 
(ambient temperature, water content, nutrient and oxygen availability, pH; Eriksen et al., 1995)
but self-hygienization by high compost temperatures cannot be reached under such 
unfavourable temperature conditions (Germer et al., 2010) as present in Alpine areas.
Therefore, the study aimed on microbiological sampling, analysis and evaluation of the 
hygienic quality of the produced compost under unfavourable climatic conditions. Standard 
procedures for microbiological testing had to be adapted for the use at composting toilets due 
to the heterogenic matrix and the small volume of materials. Analytics (methods, parameters) 
had to be screened for their potential to reflect hygienic risks (Magri et al., 2013; Hill et al., 
2013). However, because of the large structural heterogeneity of the raw input materials, the 
first objective was to adapt the sampling procedure to achieve representative results. Further, 
the analytical methods available hat to be compared. Finally, suggestions for sampling, analyses 
and data interpretation had to be derived from field monitoring results.  

Material and Methods

The investigations took place at five composting toilets located at huts at the Schneeberg and 
Rax mountains operated by the Austrian Alpine Association (ÖWAV), the mountain rescue 
unit and the forest management of the Viennese Water Works. The toilet models were all the 
same but the configuration varied (external or internal construction). The systems were 
monitored using online temperature measurements in the composting chamber, the toilet 
facilities and outside. Sampling was carried out every second month for physical, chemical and 
microbiological analyses. Pooled sampling was proposed as best practice with sample parts 
taken from up to five positions evenly distributed over the content of the composting chamber.
After cooled transport of the samples, homogenisations and filtration of solid particles using 
stomacher- bags took place. Escherichia coli (E. coli) at 37°C and 44°C (thermo tolerant),
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thermo tolerant Coliforms and Enterococcus spp. were analysed using standard methods 
(colony count, CFU) and an alternative method (most probable number, MPN).

Results and Discussion

Concerning the analytics, the two methods (most probable number- MPN, colony count- CFU) 
yielded comparable results. However, the standard (CFU) method showed a broader 
applicability. It was also applicable for the parameters total viable count at 22°C and 37°C as 
well as the pathogens Listeria spp., Salmonella spp., Salmonella Senftenberg 775W and 
Salmonella typhimurium Phage 28B. The monitoring of the hygienic contamination at the 
different sampling sites showed that the results strongly depend on the storage time for 
composting due to the low temperature. However, after two years, a significant decrease of the 
contamination could be observed. For the selection of hygienic control parameters, the 
detection limits and the survival periods of the control parameters have been considered. Hence 
it was suggested, that an appropriate compost quality for disposal is reached after the 
contamination with thermo tolerant Enterococci (long survival periods) and total coliforms fall 
below 100 CFU/g and pathogens (Salmonella sp., Listeria sp., and Clostridium p.) cannot be 
detected at the same time. Based on these assumption, the results of the analyses showed that a 
total composting period of four years including storage outside the toilet building is necessary 
to sufficiently reduce the hygienic contamination. Figure 1 shows the monitoring results of one 
of the investigated sites (4 years of composting and storage) where the proposed quality criteria
have been reached and the compost can be disposed to the environment. The suggestions on 
operation and maintenance as well as on the methodical details for the quality control were 
summarized in guidelines, which finalize the research activities on composting toilet operation 
at Alpine objects and will be presented in the full paper.

Figure 1. Results of microbiological analyses at the Gloggnitzer Huette (1600 m a.s.l) over 14 months (6 
samplings) including parameters and methods applied.
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Abstract: Water scarcity, sustainable development, groundwater pollution, 
urbanization & increasing demands on resources are changing traditional forms of 
water/wastewater management. Many rural areas around the world favors small 
local wastewater treatment plant that will be used also as local water source.  This 
paper will present 3 successful case studies of small local WWTP around the 
globe, using MBBR technology.  Effluent characteristics from all the facilities 
exhibit good performance of the facilities and efficient reuse of the water.    
Keywords: Reuse; Decentralized units; small WWTP, Sustainable, MBBR.

INTRODUCTION 
Water scarcity, sustainable development, groundwater pollution, urbanization & 
increasing demands on resources are changing traditional forms of water/wastewater 
management. Additionally, in many rural areas around the world, the large distances 
between remote communities and central wastewater treatment plants (WWTP) 
require high investments for the erection of long sewage pipelines.  

There are many advantages to decentralized WWTPs, as, eliminating the need and 
expenses for long sewage pipes, alternative local water sources for irrigation, cooling 
towers and drinking water, reducing groundwater pollution from potential leakages, 
lower carbon and environmental footprints. 

Small WWT systems based on Moving Bed Biofilm Reactor (MBBR) technology 
offers several benefits compared to other technologies such as a small foot print, high 
resistance to hydraulic and toxic shocks, and easy operation. 

In the last decade, small plants based on Attached Growth Airlift Reactor-AGAR® 
MBBR technology are operated around the world. These plants are in a wide range of 
configurations and sizes, treating flows between tens to hundreds m3/day with varying 
effluent qualities, and different reuse applications as irrigation, toilet flushing and 
cooling towers. There are several construction methods of WWTP: containerized 
units, small tanks or concrete structures. The decision of a construction method is 
dependent on several factors, such as ambient temperature, available area, visibility, 
operation period, and more.  

THE TECHNOLOGY 
The MBBR process utilizes attached growth biomass on carriers, which enable higher 
biological efficiency and consequently lower volume of reactor per load (up to 50 %). 
This small footprint is important for decentralized and small WWTP’s, where area is 
usually a limited resource and there are daily and seasonal flow fluctuations 
(Ødegaard, 1999). The MBBR AGAR® systems have several possible configurations 
to answer client demands and/or local regulations. 



MBBR 
Organic matter and ammonia removal can be accomplished by a two stage MBBR 
process, followed by a clarifier and fine solids removal (Figure 1). The basic effluent 
quality after a media clarifier is BOD and TSS of 30 and 20 mg/l, respectively, or 10 
and 10 mg/l after sand filtration. Typical HRT ranges between 1.5 to 3 hours in both 
high and low temperatures. 
Media clarifier (MC) is a unique patented clarifying technology, developed 
especially for MBBR effluent. The MBBR effluent characteristics, containing mainly 
the sloughed-off biomass, are different in particle size distribution and biomass 
morphology compared to activated sludge. MC has several advantages, important to 
small WWTP, as simple operation, small footprint and no need for chemicals for 
sedimentation. Since this configuration doesn't include nitrogen removal, it is usually 
applied for irrigation in small communities, service stations, and remote malls. 

Figure 1: MBBR system schematic

MBBR-BNR 

MBBR BNR includes Biological Nitrogen Removal (BNR) (Figure 2) is achieved via 
denitrification process in an anoxic reactor. This reactor is usually situated as the first 
stage in order to utilize the organic matter in the WW as a carbon source. Part of the 
effluent is recirculated back to the anoxic reactor, and the remaining flows to the 
clarifier. HRT will depend on water and ambient temperature and will normally be 
between 4 to 6 hours, for municipal WW.     

Figure 2: MBBR-BNR system schematic 

CASE STUDIES
Three case studies are presented, each one has its unique characterization. 

CASE STUDY 1 - Greenfield for reuse Walmart Mexico
As a leading company in the field of corporate responsibility, Walmart strives to 
reduce its water footprint by, among other things, reusing sewage in its sites for 
various applications as irrigation and toilet flushing. 



Challenges 
Several challenges had been addressed: 

Various wastewater quality & flows - there are several types of Walmart sites
that differ in size and operation. Following that, the technology should cope
with various flows and influent qualities. 

Minimal impact - proximity of the plant to the stores requires minimal
visibility and environmental impact of the WWTP

Short recovery time after discharge of toxic compounds to sewage
Reuse applications - high quality effluent for reuse for toilet flushing and
irrigation.

Solution 
During the last 7 years, more than 50 small WWTP, based on the AGAR® including 
MC technologies, were installed in Walmart facilities around Mexico. Due to the 
differences in store sizes, several sizes were designed for flows of 25, 45, 90-120 and 
150 m3/day. The inlet BOD concentrations ranged between a few hundreds to 
thousands mg/l, while the typical TSS levels were between 200 to 300 mg/l. Due to 
the close proximity to the stores, the WWTP’s were mostly below ground level. The 
process consists of two aerobic reactors followed by a MC and filtertion unit to
achieve required quality. After chlorination, the effluent is used for toilet flushing and 
is recognized by a blue color.

Results 
The following results refer to 22 WWTPs operating for various periods between 2012 
and 2016.  

Figure 3: Average influent and effluent BOD levels at the different sites. 

As shown in Figure 3, inlet BOD levels varied between 100 to 2,300 mg/l. Effluent 
BOD levels meet the required Mexican Standard NOM 003, of 20 mg/L. 
The BOD removal efficiency in the MBBR-MC process achieved above 98%.  
As mentioned above, one of the MBBR advantages is the ability to cope with 
poisonous compounds. A toxic event which caused the death of biomass occurred due 



to the discharge of wastewater with high content of solvents. The biomass died in the 
course of the day generating a bad smell in the plant and very dark foam (Figure 4). 
Following that, the  following measures were carried out: Draining all the water from 
the reactors and feeding  raw non-poluted WW. Water quality recovered in a few 
days. 

Figure 4: Quick response of MBBR to toxification

Figure 5, illustrates the influent and effluent TSS levels. Results show that TSS can 
reach values of up to 1,259 mg/L; nevertheless, the average effluent TSS is 18.31 
mg/L. The efficiency in the removal of Total Suspended Solids can reach 95.5%. 

Figure 5: Average influent and effluent TSS levels at the different sites.

Figure 6: Water clarity and color at the different process stages. 



Figure 6 presents water appearance at each process stage.  In order to avoid an 
incident of water consumption, a biodegradable colorant (blue) is added to the re-used 
water for flushing purposes.  

CASE STUDY 2 - Green field , high effluent quality, Valkov, Slovakia
Valkov is a village on the Velka Domasa lake. The village is a summer recreational 
site and therefore not inhabited during the winter. Temperatures range between -20˚C 
in winter to 20˚C in summer. The village did not have any WWTP and wastewater 
was discharged to a local septic tank. According to EU directive regulations, the 
municipality was obligated to treat it in accordance with the wastewater EU directive 
regulations which included two options: erection of a sewage system and discharge to 
a regional WWTP or the establishment of a new local WWTP discharge to a nearby 
lake. Due to the remote location of the village, a local WWTP was the most 
economical solution.

Challenges 
Several challenges had to be addressed in this project: 

Quick recovery time after winter shutdown – due to fact that the village is
lightly inhabited during winter, the system should be able to recover quickly
after long shutdown periods and/or low operation stages.

Operating during low temperatures
Minimum to non-negative environmental impact of the WWTP.
Disinfection without the use of chlorination due to the discharge to the lake.

Solution 
The solution was to apply the MBBR process which can recover in a few hours, 
isolating the 40 ft. container & using Polypropylene tanks and the application of UV 
for disinfection. The containerized unit, enables minimal environmental impact and 
coping with very low temperature during the cold seasons. 

Results
The effluent’s quality successfully met the EU directive standards, with COD, BOD5 
and NH4-N removal of 75 %, 89 % and 87 %, respectively. 

Figure 7: BOD inlet and outlet levels during start-up 



Results concluded, the system immediately achieved the desired outlet values (BOD 
less than 10 mg//l). In addition, results show that the BOD was removed to the desired
values after the second reactor, meaning that the 3rd reactor was not necessary for 
BOD removal.   

Figure 8: Average daily flows 

The  considrable  inlet flow diffrence between summer and winter is shown in figure 
8. The average daily flow ranged between 5.5 m3/d in January up to the max flow of
28 m3/d in May, 2017. Following the discharge to the lake, the discaharge standrds
were stringent, as 35 mg/l for COD for example.

Figure 9: Average influent and effluent COD levels 2016-2017.

CASE STUDY 3 – Containerized unit, Reuse for irrigation, Ramot Shapira, Israel
Ramot Shapira is a 60 room hotel in the Jerusalem Mountains, serving mainly youth 
groups during weekdays and vacationers during weekends. The hotel was not 
connected to the regional sewage system and wastewater was discharged to two septic 
tanks, which were evacuated by a tanker twice a week. Due to the long time that was 
required for installation of a sewage pipe, the Ministry of Health (MOH) required the
treatment of the wastewater onsite in accordance to the limited irrigation standard.



Challenges 
Several challenges had to be addressed in this project: 

Considerable flow fluctuations between weekdays and weekends.
Low temperatures during winter time.
Minimum to non-negative environmental impact of the WWTP.
Operation for a limited period until installation of the regional sewage pipe
was complete.

Easy operation

Solution 

Table 1: Design parameters for the WWTP 

A containerized MBBR system was found as the most cost effective solution and 
referred to the challenges of mobility and minimum impact on the environment (as 
odor nuisance) and interference to hotel operation.  The WWTP included a two stage 
MBBR process (with a volume of 9.5 m3 each) and a MC for solids separation. 
This design enabled very simple operation for the untrained hotel staff (for example,
the MC does not require the addition of chemicals). The MOH approved that the 
treated effluent could be used for irrigation of a nearby forest. The WWTP began 
operation in October, 2013.

Results 
The WWTP has been in operation for almost four years, in which it has operated 
efficiently and successfully met the required discharge standards of the MOH.  
Figure 10 illustrates the effluent quality during 2016. 

Figure 10: BOD and TSS concentration before and after Media Clarifier (MC), 2016.  

Parameter Unit Value
Design  Flow m3/d 50
Temperature °C 15/30
BOD5 mg/l 400
TSS mg/l 467
pH mg/l 6 – 8



As illustrated in the Figure 10 COD, BOD and TSS levels were between 50% to 90% 
below required discharge levels (BOD 20 mg/l, TSS 30 mg/l). The deviation in TSS 
levels in June was due to improper system operation.

Figure 11: TSS values before and after Media Clarifier Figure 12: Effluent 
after MC

Figures 11 & 12 display the high effciency of the MC, which enables very high 
removal of solids with out usege of chemicals. Malfunctions may occour if solids are 
not removed properly from the bottom of the MC or from the carreirs blanket.   

CONCLUSIONS

Treatment of wastewater at the source with small WWTP may be one of the solutions 
for water scarcity and global warming problems. The MBBR based WWTP provides 
a small footprint, durability and offers significant advantages for small remote 
communities, as demonstrated in the cases studies. The technology can recover 
quickly after poisoning events and operate in low tempertures. Additionally, the 
possibility of effluent reuse for toilet flushing or irrigation, emphasize it’s importance 
when facing water scarcity and its economical upside.    
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Abstract: A holistic approach and consideration of new concepts for water supply and 
sanitation is required to maximize the achievable benefits. Two research projects in the same 
town in Northern Namibia aim at filling knowledge gaps acting as barriers to implementation 
of new planning approaches and technologies in sanitation and water reuse. Especially during 
systemic planning of sanitation and water reuse projects in developing countries it is essential 
to address risks and challenges within the local context and from various perspectives. For the 
first project these were particularly concerning technical, economical, agricultural, social 
issues, operation and management, as well as the lack of national guidelines for water reuse.
Consequently, those aspects were taken into account during the design phase of the second 
project. Compared to the first project, its scope was extended at regional and institutional level. 
For sustainability, a sound basis of data on technical aspects and socio-cultural issues are as 
important as flexibility for adaptation. With the presented risks and challenges encountered 
during implementation this research contributes valuable information for future projects in 
similar contexts.

Keywords: developing countries, informal settlement, irrigation, systemic approach, urban 
gardening, wastewater pond 

INTRODUCTION 
There is a consensus that, for comprehensive implementation of sanitation concepts, a holistic 
and integrative view of all system components is required (IWA 2005; Wilderer 2005; 
McConville et al. 2011; Tiberghien et al. 2011). New approaches in concept development and 
new technologies allow a linkage of components that were considered separately in the past 
(McConville et al. 2011; Schramm et al. 2013). However, new concepts for water supply and 
sanitation play only a minor role in the practical world (Marlow et al. 2013). In most cases, 
design engineers and stakeholders favor conventional approaches and technologies instead of 
new approaches (Nelson and Murray 2008). 

At first, there is the need to consider the entire water chain to maximize achievable benefits of 
sanitation systems and to better match the individual components with each other. Second, 
there is a knowledge gap that needs to be filled in order to change the perception of new 
approaches among stakeholders, compared to conventional approaches.

To address these issues, a research project was developed in the North of Namibia. The 
preliminary studies that were the basis for this initiative already started in 2004 (Kluge et al. 
2008). Then, CuveWaters - a first project on sanitation and water reuse in Outapi - was 
implemented between 2009 and 2015 (Müller et al. 2017). Based on the experiences and 
lessons learned, the follow-up project EPoNa (“Enhancement of Ponds in Namibia”) was 
initiated in 2015 and started in 2016 (BMBF 2017) (see www.epona-africa.com for details).

Sanitation and water reuse projects in developing countries face several challenges. Especially 
during planning and implementation there are many factors and uncertainties influencing the 



decision-making process. This article explores the main challenges and knowledge gaps 
encountered during implementation of CuveWaters and how lessons learned were used to 
improve the follow-up project EPoNa. This research presents a systemic approach, with 
technical and socio-cultural issues for future projects in a similar context. With the outcome 
of this work, obstacles to the implementation of new concepts in urban water management 
will be reduced and the achievable benefits of sanitation systems are maximized.

MATERIALS AND METHODS 

Study site

The studies were carried out in the city of Outapi in Northern Namibia (Figure 1). In 2011, 
Outapi had a total population of 6,437 persons (NSA 2011). In its informal settlements, 
simplest sanitary facilities are used or open defecation is practiced. Some dry toilets are 
available, but often collapse during the rainy season when the area is flooded. Maintenance or 
regular cleaning is lacking. For personal hygiene, at best, self-made sheds are available. 
Collection or removal of feces and used water does not occur. 

Figure 1. Location of the components of CuveWaters: cluster units (1), individually 
connected households (2), communal washhouse (3), water reuse plant and irrigation sites (4) 
and EPoNa components: gravity sewer (5) and wastewater ponds (6) (Google Earth (Version 
7.1.8.3036) 2016, Price and Hegnauer 2017, modified).



In town districts that are better developed, flush toilets are used. The wastewater is 
transported by a conventional gravity sewage system to non-aerated ponds (shallow pools for 
collecting and evaporating wastewater). The ponds are overloaded and overflowing. There is 
no receiving water, which could take the treated effluent. Reclamation or reuse of this water 
did not occur either.

CuveWaters (2009-2015)

The objective of this research project is to develop and implement a sanitation system that 
responds to the water and sanitation challenges in the region. From 2009 to 2015, three types 
of sanitation facilities (communal washhouse, cluster units and individual household 
connections) for up to 1,500 users are developed and evaluated in different informal 
settlements. Vacuum sewers transport the wastewater to a newly built treatment plant. The 
wastewater treatment consists of an anaerobic treatment with upstream anaerobic sludge 
blanket (UASB) reactors, aerobic treatment with rotating biological contactors and lamella 
clarifiers, 10 μm microscreen for the removal of helminth eggs and UV-disinfection followed 
by storage in 2 subsequent polishing ponds. Wastewater sludge and agricultural residues are 
co-digested and the biogas is used for generation of electricity and heat. The Outapi Town 
Council (OTC) operates the vacuum sewers and wastewater treatment plant and sells the 
treated water to the operator of the irrigation site who reuses the water for irrigation of 
vegetables for human consumption. More details on the technical design of the wastewater 
treatment plant and the irrigation site are provided in Müller et al. (2017) and Zimmermann et 
al. (2017).

EPoNa (2016-2019) 

The follow-up project EPoNa was developed in order to sustainably reuse the effluent of 
existing wastewater ponds for the irrigation of fodder crops for animals and to reduce the risk 
of environmental contamination by overflowing pond water during rainy season.

The only wastewater infrastructure in Outapi before CuveWaters was a gravity sewer system 
in developed parts of Outapi and wastewater stabilization ponds that were constructed in 
2004. According to the Namibian code of practice (DWA 2008) all effluents from wastewater 
treatment ponds are to be evaporated and not to be discharged into the environment. The 
specifically built evaporation pond has already been overflowing several times. This was due 
to high population growth, continuous extension of the gravity sewer system and infiltrating 
water during the rainy season. The surrounding dam was damaged already in 2008 or before. 
Especially during rainy season, the surrounding ephemeral surface waters risk contamination 
caused by low treatment efficiency and overflow.

The pond system is based on two parallel lines of four ponds each, a primary facultative pond 
followed by three maturation ponds. All eight ponds have a water surface of 40,000 m² and a 
volume of 55,000 m³. The final evaporation pond has a similar surface of 41,000 m² but due 
to its shallowness a volume of only 20,000 m³. The original design was to operate the two 
lines in an alternating rhythm. The improvement of the pond system will commence with one 
line, whilst the second line will remain in its present stage to act as a comparison for gauging 
the effect of the modifications. At the inflow of the plant a pretreatment consisting of a UASB 
reactor and a microscreen will be installed in parallel to reduce the organic load. During the 
research the two different technologies will be compared regarding their efficiency within the 
local context. Additionally, baffles are installed in the first pond to approach a plug flow 
reactor rather than the current uncontrolled mixed reactor. For the post-treatment a rock filter 
is planned to reduce solids and algae effecting the irrigation system. Different irrigation 



techniques and crops are compared on small trial plots and large scale irrigation will follow 
based on the results from those fields.

When the ponds were constructed in 2004, Outapi had only half the population of today, with 
only a small proportion (about 2,500) having access to sewerage services. However, in 2016 
more than double the population in this constantly growing town was connected to the gravity 
sewers. This increase presents a challenge for OTC who is also operating and maintaining the
wastewater ponds.

RESULTS AND DISCUSSION 

CuveWaters

During planning of CuveWaters, possible risks and challenges were analyzed with local 
experts and discussed with future users during local workshops. Important aspects that had to 
be considered for planning purposes were floods during the rainy season and the dynamic 
urban population development. Specific risks were vandalism and misuse of sanitation 
facilities, damage from garbage and other foreign objects in the wastewater. Those risks were 
overcome by hygiene education via community health clubs, a demand-responsive approach, 
capacity development of users, operating and management staff and installations such as 
screens and crusher and a flexible design of wastewater treatment steps. The mentioned 
measures made it possible to put the sanitation system into operation. However, new 
challenges arose during realization of this project:

1. Fruit stones in the wastewater

Stones from the eembe fruit, which is part of the local diet, caused damage to pumps and 
required retrofitting of a further screen. Therefore, technical planning should provide for 
additional space to install additional or rearrange existing equipment.

2. Specific water quantities, loads and utilization of shared sanitation facilities

After implementation, utilization of the sanitation facilities, water quantities, and loads were 
lower than planned. This affected the sanitation system in several ways. Revenue collection 
from tariffs charged to the users was lower than estimated. Thus, less money was available for 
covering the running costs. Less irrigation water was available; thus, additional tap water had 
to be used to irrigate the agricultural fields. This meant lower revenues for the local farmers 
because tap water had to be bought from the OTC. In addition, this also meant lower revenues 
for the OTC that sold the reclaimed water to the farmers. Vice versa, less available irrigation 
water means, that a smaller area can be cultivated if another water source is not available or 
affordable. This lowers the revenues from the sale of crops and the amount of residues 
available for co-digestion. 

Overall, the effort to operate the sanitation system was relatively high compared to treated 
water quantities. This led, for example, to a relatively high specific electricity consumption 
per cubic meter of treated water, due to the lower degree of efficiency of motors and pumps as
their capacity was not fully used because of the low hydraulic loading.

3. Management system of shared sanitation facilities

The operational concept of the sanitation facilities has a direct influence on the construction 
layout. For instance, separate control of visitor flows is required if an operational concept 
includes free access for one or several uses and charges for other uses (e.g., if the municipality 



wishes to offer free access to toilets). This can be achieved via the separation of visitor flows 
or by prepaid systems (e.g., coin-operated showers and laundry sinks) and needs to be taken 
into account already during planning. 

Ideally the operational concept is agreed on before construction starts as this has to be 
considered for the detailed planning of sections, entrances, and exits. Once the permanent 
structures of the building are finished it is difficult to switch to another operational 
arrangement. Therefore, different operation modes need to be discussed and the best solution 
identified before construction starts. Even with thorough planning and behavioral evaluations, 
the technical design needs to be as flexible as possible to allow for operational changes.

4. Involvement of social scientists required

During the course of the project, social scientists played an important role. Planning and 
implementation started with a community-based situation assessment, as part of the demand 
responsive approach used for development of the technical layout (Kramm and Deffner 2017). 
The adaptation of the community health club approach was developed, together with an NGO 
and local partners, to meet project and community needs (Waterkeyn 2010; Deffner and Böff 
2012). However, the practical benefit of sociological studies can be further increased.

In this project, utilization of the sanitation facilities was lower than expected. Especially 
urination in the public was still widely practiced, even when toilets were available free of 
charge in the vicinity (cluster units) or on the household level (individual households). This 
was observed not only in this study but also in a study on shared sanitation facilities in South 
Africa (Crous et al. 2013). Hence, access to toilets needs to be made very easy, in order to 
compete with the convenience of urination in public. In practice, this is very difficult to 
achieve. The design of the facilities was discussed with the residents during several
workshops and adapted accordingly (Deffner and Mazambani 2010). Hence, it can be 
assumed that the technical layout is satisfactory. Further studies should focus on other 
possible barriers to the use of the sanitation facilities (e.g., habits, behavior patterns). The 
involvement of social scientists is crucial to make sure that the provided infrastructure is fully 
used. It is most important to show the connection between hygiene and health.

5. Soil salinization and overfertilization

During planning, the salt and nutrient loads and concentrations in the irrigation water were 
expected to be relatively high, and there seemed to be a high risk of salinization, 
overfertilization, and eutrophication. After implementation, the loads and concentrations were 
considerably lower due to a relatively high amounts of water and relatively low specific loads 
collected by the shared sanitation facilities. On the whole, the nutrient and salt content of the 
irrigation water roughly met the requirements of crops and soil.

6. National guidelines on irrigation water quality

The project was implemented in a setting in which national regulations for reclaimed water 
quality did not yet exist. Thus, water quality criteria and objectives had to be defined. The 
FAO and WHO guidelines were used for monitoring irrigation water quality. In order to meet 
the requirements of water reuse projects, additional water quality objectives for turbidity, 
BOD5, TCOD, TP, and K were suggested. The storage pond was initially included in the 
sanitation system to balance supply and demand of the irrigation water. However, it turned 
out to be necessary to achieve the required water quality (see Müller and Cornel (2017) for 
details).



EPoNa

Following the experience from CuveWaters, EPoNa was initiated and started by the 
community itself. The lessons learned and the self-reflection from the first project lead OTC 
to a needs and risk assessment. During this process the fodder shortage at the end of the dry 
season and the improvement of the surface water quality were prioritized. Consequently, 
enhancement of the overloaded wastewater ponds was targeted. Other issues such as floods 
and dynamic population growth were also considered as with CuveWaters.

As it turned out to be a key point in CuveWaters, EPoNa is also based on a systemic approach 
to overcome the shortcomings of conventional sanitation systems. The project team includes 
professionals from different disciplines. Social scientists and environmentalists are analyzing 
the intended and non-intended effects on the environment and the community. Agronomists 
will test and evaluate different irrigation systems as well as various crops, at first at a pilot 
scale which is followed by a large scale implementation. Engineers are involved for the 
design, construction and operation of the new pre-treatment, flow improvement, post-
treatment as well as the quality assurance. 

Within CuveWaters one focus was on the comparison of different sanitation technologies in 
informal settlements. In order to account for the whole situation of the town EPoNa now 
reflects the existing sewer system and the existing wastewater treatment. Therefore, it is not 
envisaged to develop further sanitation systems but to focus on the treatment and reuse 
aspects. The design capacity of CuveWaters was 1,500 inhabitants, whilst the wastewater 
ponds of EPoNa are serving the remaining population of about 6,000 people.

The lessons learned from CuveWaters are directly influencing the approach of EPoNa. The 
pre-treatment is designed to eliminate the stones from the eembe fruit and other unexpected 
substances in the wastewater and enough space is given for future alterations. A similar 
flexibility is integrated into the size of the irrigated fields. At first trial plots are cultivated and 
later extended to a larger scale once the water quantities and qualities are evaluated. This 
information also helps to determine the type and amount of crops that can be irrigated and 
therefore deliver financial revenues which ensure the economical sustainability of the system.

Besides technical and economic aspects, managerial issues are of further importance. This has 
been shown for the CuveWaters sanitation system and will be addressed for the operation of 
wastewater treatment plant and irrigation site of EPoNa as well. The involvement of social 
scientists is especially relevant for the understanding of barriers in using shared sanitation 
systems, but also for the acceptance of reused water for animal fodder production. Especially 
as the animals represent an important aspect of the traditional local society.

In order to supply the best yields, the planted crops need to be adapted to the receiving salt 
and nutrient contents. In the given context it was shown during CuveWaters, that the risk of 
soil salinization and overfertilization was reduced due to lower loads and concentrations in the 
treated water. This will also be considered with EPoNa and the crop varieties adapted to make 
best use of the final effluent.

For all projects guidelines on the quality of the reused water are important, particularly for the 
protection of health of workers and the community as well as the environment. The quality 
requirements for the irrigation of food crops developed during CuveWaters are an important 
basis for EPoNa and will be adapted for the irrigation of fodder crops.

Whilst CuveWaters was implemented with three partners, EPoNa has now six partners who 
are responsible for their specialty which are: process engineering, civil engineering, 
agriculture and irrigation, economy, socio-ecological research and water quality analysis. 
When implementing CuveWaters, emphasis was put on safeguarding long-term operation of 



the implemented facilities and embedding appropriate management structures at the OTC.
The activities of EPoNa go beyond the town boundaries of Outapi. Besides OTC there is also 
a focus on the neighboring towns in the north of Namibia with similar wastewater pond 
systems and similar problems as encountered in Outapi. The results from EPoNa are shared
through a partnership of plant operators and can therefore be used for the improvement of the 
wastewater situation in the region. This partnership is also supported through the water basin 
management committees who are operating under the Ministry of Agriculture, Water and 
Forestry. Further involved are the Ministry of Urban and Rural Development as the guiding 
institution of the town councils as well as the Ministry of Environment and Tourism who is 
responsible for all environmental impacts. On the educational level there is strong cooperation 
with the local university which is using the projects as case study for their lectures and at the 
same time practical training is supported by a vocational training institute and the results 
reflected in their curriculum.

The technology implemented at the CuveWaters wastewater treatment plant involved 
considerable investment costs and due to low water quantities the operation and maintenance 
costs per cubic meter are high. With EPoNa the per unit cost of reuse water is expected to be 
lower due to reduced water quality requirements and due to higher flow rates.

For long-term assistance in operation and management of the infrastructure installed during 
the two projects, a German partner was identified who assists and trains the local plant 
operators with experienced personnel on a regular basis. This exchange provides mutual 
benefits. OTC receives support and feedback on its plants and the German technicians can 
prove and extend their technical skills and knowledge under different working conditions in a 
different cultural context. 

CONCLUSIONS 
Each project has its specific focus and has to consider the local situation. CuveWaters was 
primarily based on new installations around the water cycle, sanitation, wastewater collection, 
wastewater treatment and reuse for food crops. EPoNa is now concentrating on the 
improvement of existing systems with a focus on low cost wastewater treatment, irrigation of 
fodder crops, transfer to neighboring towns and partnership of wastewater plant operators. 

For the sustainable implementation of sanitation and wastewater projects in the context of 
developing countries a certain flexibility is always needed. However, experiences from 
preceding projects can help to overcome challenges more easily. The lessons learned from 
one project have to be put into their context and can then be useful for others. 

On the technical scale additional space requirements have to be allowed due to unexpected 
substances in the wastewater that may require retrofitting of the existing installations. For the 
economical sustainability it is important to have the best estimates of the specific water 
quantities and loads as this will determine the type and amount of crops that can be irrigated 
and therefore deliver financial revenues. Besides technical and economic aspects a strong 
focus on managerial issues is also needed. The same applies for the involvement of social 
scientists. They are needed to identify barriers in using shared sanitation systems and to
evaluate the acceptance of reused water for the irrigation of vegetables for human 
consumption and animal fodder. On the irrigation site, it is important to control the risks of 
soil salinization and overfertilization. Therefore, good water quality analysis and flexibility in 
the type of crops are needed to make best use of the final effluent.

For all projects guidelines on the quality of the reuse water are important. Especially for the 
protection of health of workers and the community as well as the environment this is 



essential. If those guidelines do not exist in the country, international guidelines can be used, 
but need to be adapted to the local context. The results of the research can then also be an 
important indicator for the development of national guidelines.
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Abstract:
In a resource constrained world with increasing variability in rainfall pattern due to climate 
change, and salinization of groundwater aquifers, WasteWater Reuse (WWR) for irrigation 
enables to reframe  WASH “waste” as a resource and to optimise the value of fresh water 
resources. Wastewater reuse offers benefits for the environment by reducing withdrawal from 
ground water resources (particularly fossil) and surface water competing with water for 
human and cattle consumption. Wastewater reuse also benefits farmers and crops yield due to 
it constant supply and high content in NKP. Treated Waste Water reuse, as an water resources, 
can significantly contribute to mitigate water vulnerability especially in the light of changing 
rainfall partner and temperature increase due to climate change.
However, in many countries, WWR lacks of a legal framework, trials, capacity building, 
dialogue and political courage. This unconventional resources is not welcome by national 
institutions because of an unclear bunch of misunderstandings around potential risks 
associated with its origins, usages, potential threat to the environment and human activates
( farming, transformation & trading, cooking etc...). Treated water, also called reclaimed
water suffers systematic comparison with drinking water and this up to the norms and 
standard define its legal suitability for application. But plant do not need drinking water 
Nevertheless one can only acknowledge that too many farmers irrigated with wastewater 
(treated or untreated) because they have no other choice. Promoting and building capacity to 
WWR is anticipated to encourage local communities and institutions to better manage this 
“resource” for farmers and consumers.
Irrigation with treated waste water is a complex problem because it bring challenges of 

different nature bouncing on each other: technical, agronomical, economic, cultural, political, 
legal, institutional and many more.
The project Mad4Water aims to develop an integrated set of technological and management 
instruments for the enhancement of wastewater treatment, treated wastewater reuse for 
irrigation and water efficiency in agriculture, with the final aim to reduce water vulnerability 
in selected basins in Egypt, Morocco and Tunisia. The selected basins are: North Eastern Nile 
Delta in Egypt, Cap-Bon and Miliane in Tunisia, Souss-Massa in Morocco.
This article reports the methodology developed to investigate the factors that influence the 
development and application of technologies and management tools in the field of water 
management. Factors that prevent (negative influence) such development are called Barriers, 
and those that encourage it (positive influence) the reuse are called Drivers.  
A questionnaire and three (3) participative workshop with local stakeholder have been
organized to better understand the complexity to promote and implement safe and productive 
irrigation with treated waste water. Preliminary results of perceived Barriers and Drivers 
according to local stakeholder in Egypt, Morocco and Tunisia are being analyzed. 
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Abstract

The scarcity and pollution of freshwater are extremely crucial issues today and the expansion 
of water reuse have been considered as an option to reduce its impact. This study aims to 
assess the efficiency of an integrated greywater treatment system and hydroponic lettuce 
production as a part of a green wall structure and to evaluate the health risk associated with 
the production and consumption of lettuce through quantitative microbial risk assessment 
(QMRA) and chemical health risk assessment. The study was conducted based on the unique 
configuration of source separation system; on-site greywater treatment system; green wall 
structure as a polishing step; and hydroponic lettuce production in the green wall structure. 
The final effluent from the system was used to grow three lettuce varieties by adding urine as 
a nutrient solution. Both water samples and plant biomass were collected and tested for E. coli
and heavy metals contamination. The system has gained a cumulative 5.1 log10 reduction of 
E. coli in the final effluent and no E. coli found in the plant biomass. The estimated annual
infection risk for cryptosporidium, Campylobacter, and norovirus were 10-6 - 10-8, 10-8 - 10-

10, and 10-10 - 10-11 respectively. These results indicate the system attained the health-based
targets, 10–6 disability adjusted life years (DALYs) per person per year. Similarly, health risk
index (HRI) and targeted hazard quotient (THQ) results did not exceed the permissible level,
thus the chemical health risk concern was insignificant.
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Abstract: Current water availability in Turkey indicates water stress and a high possibility 
of water scarcity within a couple of decades, however the practice of the recent domestic 
wastewater management that introduces grey water reuse as an alternative source is 
limited. The success of grey water reuse applications is highly related to public willingness 
and acceptance. This preliminary survey/study involving 300 respondents was designed to 
gain insight about readiness/willingness of the community focusing upon awareness 
regarding water stress/scarcity, grey water as an alternative source, and acceptance with 
regard to the reuse of different fractions of grey water and possible end uses. The results 
indicated that hand wash basins were the most acceptable points of origin of grey water in a 
household (63%), while toilet flushing was the most preferred final reuse area (88%). 
Considering different groups of food stuff, green areas, and industrial plants irrigated with 
grey water, food stuff consumed after cooking received the highest preference (69%), while 
landscape areas were the most accepted irrigated green area (84%). For industrial plants, 
cotton grown upon grey water received the highest acceptance (83%). Water savings (77%) 
was the topmost motivation while the most common concern was insufficient information 
on hygienic safety (54%).  

Keywords: Domestic wastewater recycling, grey water reuse, public acceptance, source 
separation / ECOSAN  

INTRODUCTION 
The recent domestic wastewater management approach focusing upon source separation and 
ECOlogical SANitation (ECOSAN) generates grey water as one of the streams regardless of 
the type of segregation adopted. It is the fraction of domestic wastewater which comes from 
different washing functions in the household like hand washing, baths/showers, kitchen sinks, 
dish washing, laundry etc. and constitutes about ¾ of domestic wastewater by volume (Beler 
Baykal, 2015). As it leaves toilet wastewater out, a considerable amount of pathogens and 
especially nutrients in domestic wastewater are separated at the source, which makes grey 
water an easier-to-deal with stream for reclamation as compared to conventional mixed 
domestic wastewater (Giresunlu & Beler Baykal 2016; Giresunlu, et al. 2016). Grey water 
may be returned to almost any point in the water cycle after proper treatment. Although it may 
even be used for potable purposes after sophisticated treatment, non-potable uses like toilet 
flushing, irrigation, car washing, firefighting etc. are more common. Early successful grey 
water reuse examples were reported by Nolde (1999, 2005). 
Despite its advantages regarding sustainability, particularly under conditions of water 
stress/scarcity, as a “fit for purpose” water source, the popularity of grey water reuse is rather 



limited. Indeed, the success of implementation and widespread use of grey water is closely 
related to the awareness and acceptance of the community it will serve.   
This paper will summarize results from a preliminary survey in Turkey, currently 
experiencing water stress with a water availability of about 1500 m3/capita.year, with 300 
respondents. The survey was designed to gain insight about readiness/willingness of 
respondents from different cities of the country for grey water reuse, basically focusing upon 
awareness regarding water stress/scarcity in the country and grey water as an alternative 
source, and acceptance with regard to the reuse of different fractions of grey water and 
possible end uses. Motivations and concerns for grey water reuse were also questioned. 

MATERIALS AND METHODS 
The survey was conducted through face to face questionnaires to assess attitudes, acceptance 
and willingness regarding reuse of grey water as an alternative source. The survey questions 
were posed to 300 participants living in Turkey. 

Table 1 summarizes the demographic profile of the 300 respondents, who were all living in 
Turkey during April 2016 and were to a large extent Turkish nationals with 94% Turkish, 6% 
other nationalities. The distribution of the participants based on gender was almost in half 
shares with 45% for females and 55% for males. The educational level is considered high as 
the great majority of the respondents were university graduates (with 11% 2-year, 34% 
bachelor's and 34 % graduate degrees). Age ranges were set to represent employment status; 
<18 for children and adolescents, 18-24 for college students, 25-30 for new graduates, 31-50 
for professionals, 51-65 for senior professionals, and >65 for retirees for this survey. 31-50 

Table 1. Demographic profile of respondents (N – number of respondents). 
<18 18-24 25-30 31-50 51-65 >65

Age 
N 7 69 92 112 18 2 

% 2 23 31 37 6 1 

Female Male 

Gender 
N 135 165 

% 45 55 

Turkish Other* 

Nationality 
N 282 18 

% 94 6 

Primary 
School 

High  
School 

2-Year
Degree

Undergraduate 
Degree 

Master’s 
Degree 

Ph.D. 

Degree 

Education 
N 21 45 32 100 82 20 

% 7 15 11 34 27 7 

Engineer Technician Student Academician Operator Other 

Occupation 
N 115 38 34 15 14 84 

% 38 13 11 5 5 28 

*Other: Americans (N. 3), Iranian (N. 3), Syrian (N. 3), Azerbaijani (N. 2), Bangladeshi (N. 1), British (N. 1), Greek
(N. 1), Bulgarian (N. 1), Russian (N. 1), Palestinian (N. 1), and Indonesian (N. 1). 



year old professionals, which constituted 37% of respondents, was the largest group that was 
to respond to this survey followed by new graduates with 31%. Most of the respondents in the 
survey majored in engineering with 38%, however there were also technicians (13%), 
students (11%), researchers/academicians/teachers (5%), operators/workers (5%), and others 
such as officers, housewives, housekeepers, accountants/bankers.   

The questionnaire consisted of a total of 21 questions and was composed of three parts: i) 
general questions about the demographic attributes of the participants, the results of which are 
presented in Table 1 and the preceding paragraph, ii) questions to evaluate background 
knowledge and awareness of water scarcity in Turkey as well as grey water, motivations and 
concerns/drawbacks regarding grey water reuse including the reasons behind their perception, 
and iii) questions regarding the origin and reuse areas of grey water to analyze the level of 
public acceptance for grey water reuse.  
The data obtained were analyzed using simple head counts and percentages to reflect 
acceptance or motivations/concerns as appropriate. 

RESULTS AND DISCUSSION 
The results of demographic attributes of the participants are summarized in Table 1. 
Additionally, the answers revealed that 72% of the respondents never lived in a rural area. 
While 39% said they had no garden, 61% either had a garden of their own or a garden shared 
with their neighbors. Following the general questions regarding demographic attributes, 
questions were asked to assess background knowledge and awareness of the respondents 
about water scarcity in Turkey and grey water.  
Currently, water availability in Turkey is about 1500 m3/capita.year (DSI 2014), indicating 
water stress (UNDP 2007). The results have revealed that 86% of the participants (N. 261) 
were aware that Turkey is experiencing a water stress at this time or will be experiencing it in 
about a decade while 7% said there was no water shortage and 7% said they did not know. 
This indicates that 86% of the respondents were aware that there is a shortage problem, 
showing that awareness with regard to water stress/scarcity was high. 
When the participants were asked if they know what grey water meant, 63% did not know the 
exact meaning. When the definition/description of grey water was provided to those who did 
not know what it was, 47% of those said they would accept separate collection of grey water. 
Of the entire respondents, 56% indicated definite positive opinion that grey water could be 
segregated, while only 6% thought it could not. Although source separation is technically 
possible, 38% of respondents stated that they had no knowledge about how to segregate grey 
water. The results revealed that awareness with regard to grey water was rather low and 
providing information would be helpful. 
Grey water may be collected from several different washing functions in the household. That 
fraction coming from hand wash basins, showers and bath tubs constitute about 30% by 
volume and are categorized as light grey water. Light grey water has a higher quality as 
compared to the other fractions. When asked about acceptance towards five different points of 
origin of grey water in a household, hand wash basins (63%) and kitchen sinks (59%) 
received highest while showers/baths got the lowest preference (52%). However, Figure 1 
shows that percentage of answers was rather close to each other and lied within a difference 
of about 10%. Acceptance level was considerable and under all circumstances over half of the 
participants accepted to use grey water from different origins in the household.  



Figure 1. Acceptance of grey water origins 
Together with these responses, participants expressed concerns about the detergents/personal 
care products which they thought might come from washing machines/dishwashers and 
possible contact with human excreta in shower and bath tub water. It is to be noted that some 
of these concerns do not reflect the real situation as for example in the case of possible human 
excreta problem, which may be more significant in the fraction from washing machines rather 
than showers/baths especially due to underwear that are washed in washing machines, while 
personal care products would be expected to be more predominant in wastewater from wash 
basins, showers and bath tubs as compared to washing machines and dish washers. These 
provide supporting proof of the significance of informing/educating communities in terms of 
grey water, its contents and the ways of dealing with those constituents. 
Figure 2 reveals that of the seven different end uses questioned, the top three choices were 
toilet flushing (88%), fire fighting (79%), and car washing (77%). Even though it was clearly 
stated as 'after proper treatment', only 17% was ready to reuse grey water for potable purposes 
and 27% for laundry, mainly as a result of concerns regarding hygienic safety. Preference for 
those two end uses was apparently lower as compared to the other end uses questioned that 
received acceptances between 69–88%. Furthermore, 75% of participants who had exposure 
to rural living (N.15) were willing to use grey water for the purpose of irrigation while 78% of 
participants who have gardens (N.185) of their own or common gardens with neighbors were 
willing to use grey water for the purpose of irrigation, indicating that there was a considerable 
acceptance towards irrigation with grey water by people who are somehow involved with this 
activity.    

Figure 2. Acceptance of grey water reuse areas. 



In addition to the end uses listed in the question, respondents also mentioned about possible 
additional reuse areas such as street washing, groundwater injection, cleaning of industrial 
plants, cleaning of chemical tanks, ponds and swimming pools, construction and mines, 
household and carpet cleaning, and others like air conditioning, heating, etc. 
It was interesting that the results indicate that one of the most widespread current end use of 
grey water reuse, toilet flushing, received the highest preference in the survey, which was a 
motivating outcome. This is because the quantity of the mildest fraction of grey water, i.e. 
light grey water, which in general requires the least level of treatment, is sufficient to cover 
the water demand for toilet flushes; and using reclaimed grey water for this purpose is a 
meaningful step in contributing to sustainability of water resources through the “fit for 
purpose” use of this alternative water source, which will help cut back “wasting” of drinking 
water quality water, the cleanest, for  sweeping away human excreta, the most polluted. 
Willingness of people involved with irrigation to use grey water as an alternative source was 
also apprehended as encouraging.  
Acceptance for agricultural products irrigated with grey water was also investigated using two 
categories: food stuff and industrial plants. Among six different groups of food stuff, those 
consumed after cooking received the highest preference (69%) followed by fruits from trees 
(67%), while “none of them” was ticked only four times showing that there is considerable 
acceptance as indicated by Figure 3. Cooked vegetables received more than twice the 
acceptance for uncooked ones, and acceptance towards fruits irrigated with grey water 
decreased with proximity of the product with grey water, most probably as a reflection of 
concerns about hygienic safety.  
Of the seven different types of green areas to be irrigated with reclaimed grey water, 
landscape areas (84%), stadiums (83%), and parks (78%) received the highest acceptance; 
while playgrounds of children (50%) and school gardens (49%) had lowest acceptance most 
probably as a result of possible contact which might occur with a higher possibility with 
younger children to lead to health problems, as can be observed from Figure 4.  
Figure 5 shows that of the four different industrial plants questioned with the aim of assessing 
acceptance for different industrial products from plants irrigated with treated grey water, 
wearing clothes produced from cotton grown upon grey water received the highest acceptance 
with 83% and only 8% said they would not use any one of them. Tobacco, fruit juice and 
sugar received similar acceptances around 50%. Interestingly, 31% of the all respondents said 
they would accept all of those products.  

Figure 3. Acceptance of food stuff irrigated with reclaimed grey water. 



Figure 4. Acceptance of green areas irrigated with reclaimed grey water. 
As illustrated in Figure 6 and 7, the top three motivations for grey water reuse were water 
savings (77%), lower environmental impacts (68%) and lower water bills (61%), while the 
topmost concerns were insufficient data on hygienic safety (54%), reluctance to pay for 
installation (44%), and lack of known success stories related to this practice (38%). 
Reusing grey water for toilet flushes is the most logical and probably the most common areas 
of domestic water reuse. As flush water constitutes about 1/4 of domestic water use (Beler 
Baykal 2015), an approximate water bill reduction of 25% could be expected if the grey water 
was reused for toilet flushes.  
Given this information, participants were asked if they would accept or reject reuse of grey 
water for toilet flushing if their water bill shows a 25% reduction to observe the effect of 
economic considerations. 83% of participants accepted to reuse grey water for flushes if it can 
decrease the water bills, showing measurable monetary benefits had positive effects on public 
opinion and acceptance. 
To test the financial impact further, participants were first asked for extra payment for the 
installation of grey water systems in their current houses. Of the entire respondents, only 6% 
indicated definite acceptance and 17% rejected the extra payment in their current houses 
completely. While 26% needed a proof of an environmental benefit, 25% of respondents 
stated that they needed a proof of a future financial benefit to pay for grey water system 
installation in their current houses. When the question was changed to free installation in their 
current houses, 30% of participants were still not sure. However, definite acceptance towards 

Figure 5. Acceptance of industrial plants grown upon reclaimed grey water. 



Figure 6. Motivations for grey water reuse. 
grey water installation was raised from 6% to 66% and only 4% of answers remained as no. 
These results reveal that the major drivers for willingness to pay extra were environmental 
and financial benefits, and more importantly economic instruments in the form of free 
installations would be a major factor for public acceptance and willingness to use grey water 
systems. An increase of more than tenfold (from 6 % to 66%) in terms of acceptance is 
perceived to be remarkable, and that such an incentive would be a major positive 
instrument/driver in the implementation of this practice (especially at the initial stages).  
Lastly, to assess motivations towards reusing grey water, participants were asked from whom 
they will be inspired. 78% of respondents thought scientist/academicians would be the most 
encouraging group followed by family members, as shown in Figure 8. This information may 
be useful in getting a clue in terms of with who to start the grey water reuse action in Turkey. 
CONCLUSIONS 
This study aims to shed light upon readiness/willingness of end users for grey water reuse in 
Turkey. According to the responses obtained in this preliminary survey, awareness regarding 
water stress/scarcity in Turkey is high and all in all the general opinion seems to be positive 
regarding grey water reuse as in most cases acceptances were over 50%, especially for non-
potable uses including toilet flushing and irrigation. Potable use of grey water received the 
lowest level of acceptance mainly due to hygienic safety and health concern, which seem to 
be the most significant barrier for wide spread implementation of grey water reuse overall. 
Toilet flushing among various end uses, vegetables consumed after cooking among 
agricultural food products, landscape area among irrigated green areas, cotton among 

Figure 7. Concerns/drawbacks for grey water reuse. 



Figure 8. Possible role models to encourage grey water reuse. 

industrial plants ranked the first in terms of acceptance, all receiving 80% acceptance or more 
except agricultural food products which received 69%. In terms of the origin of grey water, all 
fractions received reasonable acceptance ranging between 52-63% acceptances.  
While health issues seem to constitute the main concern in acceptance, environmental issues 
including water savings, lower negative impacts upon environment and economic benefits as 
exemplified by lower water bills were observed as the top drivers for grey water reuse. 
Economic incentives will most likely increase willingness to adopt grey water systems.  
In conclusion, the results of this preliminary survey were interpreted to be motivating in terms 
of further grey water reuse. Increasing efforts of awareness raising, education and publicity, 
successful examples of practices, and financial benefits will most likely raise the level of 
acceptance and popularity of this sustainable practice.  
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Abstract: Endocrine disruptors are chemical substances which have been found in water 
bodies and wastewater, and are capable to interfere at the endocrine system of humans and 
animals, causing many adverse effects to health. Among these substances are the estrogen 
hormone ethinylestradiol (EE2), the progestin levonorgestrel (LNG) and the bisphenol A 
(BPA), substance used in the production of plastics, which in concentrations of nanogramas 
per liter could affect the reproduction and the sexual characteristics of aquatics animals. 
Constructed wetlands are natural wastewater treatment systems with low implantation and 
maintenance costs, suitable for installation in rural and isolated communities, which have 
been shown capable of removing endocrine disrupters from contaminated wastewater. In 
this context, the present project aimed to evaluate the retention efficiency of these three 
substances by four bench scale constructed wetlands - three containing gravel as support 
matrix, one cultivated with Cyperus isocladus (WL1), other with Eichhornia crassipes
(WL3), and one without macrophyte (WL2). The fourth unit contained gravel and bamboo 
charcoal as support matrix, also cultivated with Cyperus isocladus (WLC). The results 
showed that the most efficient wetland for retention of EE2 and BPA was WLC, and for 
retention of LNG were WL1 and WL3 (without bamboo charcoal). 

Keywords: dwarf papyrus; endocrine disruptors; estrogen; hormones; liquid 
chromatography; water hyacinth. 

INTRODUCTION 
Endocrine disruptors are substances or mixtures of chemicals that can interfere with the 
endocrine system of humans and animals and can cause cancer, reproductive disorders, 
mutagenicity, thyroid problems, presence of male organs in female fish (or vice versa), among 
several other health problems (Singhal et al. 2009; Bergman et al. 2012; Damstra et al. 2002).
Endocrine disruptors are substances increasingly present in the environment, especially in 
water bodies.  

The classification of endocrine disruptors is generally given in four main classes: natural 
estrogens (estrone, estradiol, estriol), synthetic estrogens (ethinylestradiol), phytoestrogens, 
and xenoestrogens which are industrial chemicals such as bisphenol A, nonylphenol, 
pesticides in general, among others (European Commission 1999).  Contamination by 
endocrine disruptors may be accomplished by point sources such as discharge of raw or 
treated wastewater, or by diffuse sources such as pesticides and herbicides application in 
crops, or the disposal of sludge and wastewater in the soil (Kookana et al. 2007).

The estrogen hormone ethinylestradiol (EE2) is commonly found in surface waters and in 
effluents from municipal water supply at concentrations capable of causing changes in the 
reproductive system of fish, given that concentrations in nanograms may already cause this 
effect (Gray & Sedlak 2005; Kumar et al. 2011). The feminization of fish in contact with 



wastewater from confined animal facility was studied by Leet et al. (2015). It was found that 
84% of the male fish that came into contact with these residues during the first 45 days (larval 
stage) developed a cavity for ovary, a sign of feminization. 

The progestogen levonorgestrel (LNG) is usually associated with the hormone 
ethinylestradiol in contraceptive pills. While the EE2 has feminization effect in male fish, the 
LNG is known to have androgenic effect, that is, masculinization effect in fish (Leet et al.
2015; Runnalls et al. 2015). Toxicological studies with fish showed that at low concentrations 
as 6.5 ng.L-1, levonorgestrel inhibited spermatogenesis, reduced egg production, decreased 
fish reproduction, reduced growth, increased the weight and lengths of female fish, and led 
females to acquire characteristics of male fish (Overturf et al. 2015; Runnalls et al. 2015; 
Svensson et al. 2014).

Bisphenol A (BPA) is a chemical used in the manufacture of resins and polycarbonate, epoxy 
resins among others. It was present in plastic water bottles, plastic pots, bottles, and other 
food packaging until few years ago (FDA 2012; USEPA 2010). Concern for this substance 
had arisen when it was found in mineral waters contained in plastic packaging and also in 
surface water (Montagner & Jardim 2011; FDA 2012). According to USEPA (2010) the BPA 
has already been part of the "Toxic Substances Control Act - TSCA" because it is toxic for the 
reproduction and development of animals, in addition to being slightly estrogenic.  

Constructed wetlands (CW) are wastewater treatment systems built for the purpose of 
simulating the structure of natural wetlands, biochemically transforming the pollutants 
through the microbial population, and promoting phytoremediation mechanisms (ITRC 2003). 
It is possible to mention as wetlands systems advantages their simple operation and poor 
maintenance, possible application in isolated communities, low production of secondary 
residues from the process, low operation and maintenance costs, creation of a habitat for 
animal species and incorporation into the local landscape - which increase acceptance by the 
population (ITRC 2003; USEPA 1988). 

Hijosa-Valsero et al. (2010) reported that conventional wastewater treatment plant was not 
able to remove diclofenac, carbamazepine, galaxolide and tonalide, while wetlands removed 
all these substances in greater or lesser amounts. This shows that wetlands systems were more 
efficient in removing endocrine disrupters than conventional treatment. Several authors have 
used constructed wetlands with different configurations and types of macrophytes to remove 
different endocrine disrupters (Shappell et al. 2007; Song et al. 2009; Kumar et al. 2011; Cai 
et al. 2012; Ávila et al. 2014; Chen et al. 2014). Constructed wetlands systems were cited as 
an efficient removal approach of slightly hydrophobic pesticides (Gray & Sedlak 2005). As 
ethinylestradiol (EE2), bisphenol A (BPA) and levonorgestrel (LNG) are slightly hydrophobic 
or persistent substances, the present project aimed to evaluate the retention efficiency of these 
endocrine disruptors utilizing four bench scale constructed wetlands. 

MATERIALS AND METHODS 
The treatment system was installed in the Laboratory of Sanitary Engineering of the School of 
Agricultural Engineering, University of Campinas. The subsurface flow type wetlands (WL) 
were made out of polypropylene (PP) boxes with dimensions of 0.60 x 0.40 x 0.32 m, and net 
volume of 16 to 18L. Wetlands WL1, WL2 and WL3 were filled with gravel as support 
matrix (9.5 to 19.0 mm), while WLC was filled with 20 cm of bamboo (Dendrocalamus 
asper) charcoal (9.0 to 39.0 mm) and covered with gravel (19.0 to 25.0 mm). WLC and WL1 
were cultivated with the macrophyte Cyperus isocladus better known as dwarf papyrus, and 
WL3 was cultivated with Eichhornia crassipes, known as water hyacinth. WL2 remained 
only with support matrix.  



A 150 L feed tank was used to store synthetic wastewater simulating municipal wastewater 
with C:N:P ratio of 200:50:8, which was conducted to the constructed wetland by a metering 
pump. EE2 and LNG were added to synthetic wastewater using macerated contraceptive pills. 
The added BPA had 97% purity (Sigma-Aldrich). The compounds were studied in two 
concentration ranges: low, corresponding 20 μg.L-1 for EE2 and BPA, and 100 μg.L-1 for 
LNG; high, corresponding 100 μg.L-1 for EE2 and BPA, and 500 μg.L-1 for LNG. Two 
replicates were performed for each concentration range. 

The hydraulic retention time (HRT) ranged from 2 to 4 days. All variables were taken into 
account in the experimental design. Influent to all wetlands had the same characteristics, and 
effluent samples were collected from each unit.  Figure 1 shows a schematic representation of 
the treatment unit.

Figure 1. Schematic representation of the constructed wetland treatment system. 
Source: Figure drawn by the author (2015). 

The chromatographic analysis were performed at the Laboratory of Residues and 
Contaminants of Embrapa Environment (Brazilian Agricultural Research Company). 
Chromatographic standards of d(-)norgestrel (≥99%), ethinylestradiol (≥99.7%) and bisphenol 
A (≥97%) were purchased from Sigma-Aldrich. The analysis were performed on a Shimadzu 
Class VP high performance liquid chromatograph (HPLC) consisting of automatic injection 
system, high pressure pump, furnace for column and ultraviolet (UV) detector model SPD-
10AV. Chromatographic separation was performed using Phenomenex Gemini brand C18 
column, 5μm, C18, 110 A, 250 x 4.6 mm. The analytical method used and the solid phase 
extraction (SPE) step were performed according to Campos, Queiroz & Roston "in press".
All injections were performed in triplicate.

The method validation was done according to the guide "DOQ-CGCRE-008: Guidance on 
Validation of Methods of Chemical Tests", INMETRO (2007). The data were stored in 



Microsoft Excel spreadsheets, and the data statistical analysis was performed using the 
ASSISTAT Version 7.7 software (Silva 2016). 

RESULTS AND DISCUSSION 
The analytical method proved to be efficient, sensitive and adequate for the quantification of 
the analytes in samples of synthetic wastewater from the constructed wetlands. The values 
found for the detection limit (LD) of the method were 0.1 μg.L-1 for LNG, 0.4 μg.L-1 for BPA, 
and 0.6 μg.L-1 for EE2, and the limits of quantification (LQ) were 0.2 μg.L-1 for LNG, 0.6 
μg.L-1 for BPA, and 0.8 μg.L-1 for EE2.

Although a fixed amount of the compounds was added to the wastewater, it was possible to 
observe that due to the pumping and inlet flow at the time of analysis, this concentration was 
slightly altered. The mean input concentration of EE2 in the low-concentration phase was 
16.8 μg.L-1 and output 2.8 μg.L-1 (WLC), 8.9 μg.L-1 (WL1), 13.8 μg.L-1 (WL2) and 10.0 μg.L-

1 (WL 3). In the high concentration phase the mean input was 96.9 μg.L-1 and output was 11.2 
μg.L-1 for WLC, 37.5 μg.L-1 for WL1, 58.9 μg.L-1 for WL2 and 50.7 μg.L-1 to WL3.

It is observed in Figure 2 the input and output average concentration for EE2. The WLC 
effluent presented lower concentrations of EE2 than the other treatment effluents. The highest 
retention rate in the low concentration phase was 83.4% for WLC and the lowest was 18.2% 
for WL2, and in the high concentration phase it was 88.4% for WLC and 39.3% for WL2. The 
wetland containing gravel and bamboo charcoal as support matrix and cultivated with 
Cyperus isocladus was the most efficient in the retention of this hormone whereas the one 
without macrophyte, containing only gravel as support matrix, the less efficient. The 
statistical analysis (ANOVA) confirms that independently concentration variations, the most 
efficient wetland for EE2 retention was WLC (p-value <0.05 at 5% significance), and the 
least efficient WL2 (p-value <0.05 to 5 % significance). 

Figure 2. Mean input and output concentrations, and mean retention rates for EE2. 

Ávila et al. (2014) investigated the retention of EE2 added to municipal wastewater by a 
hybrid system of wetlands containing two vertical flow type, one horizontal flow and one 
surface flow, cultivated with Phragmites australis on a pilot scale. The authors studied three 
different hydraulic loading rates (HLR), performing continuous injection of EE2 and other 
endocrine disruptors. They observed that the higher the HLR the lower the retention rates, 
which were between 20 and 80% for EE2, variations close to that of the present study. 

Kumar et al. (2011) studied the natural attenuation of the hormone ethinylestradiol in three 
different tanks, one with floating macrophytes (Tank 1), one with integrated emergent and 
submerged macrophytes (Tank 2) and a system with submerged macrophytes rooted together 



with microalgae (Tank 3). According to the author, Tank 1 showed to be more efficient in the 
removal of EE2 (EE2 - 69.1%), close to the maximum found in the present study, Tank 2 
obtained 18.5% of removal and Tank 3 7.7% for EE2. 

The mean input concentration of BPA in the low concentration phase was 23.5 μg.L-1 and 
output 2.6 μg.L-1 for WLC, 10.3 μg.L-1 for WL1, 15.5 μg.L-1 for WL2 and 12.0 μg.L-1 for 
WL3. In the high concentration phase the mean input was 118.6 μg.L-1 and output was 11.4 
μg.L-1 (WLC), 52.0 μg.L-1 (WL1), 63.5 μg.L-1 (WL2) and 74.0 μg.L-1 (WL3). Figure 3 shows
the input and output average concentration for BPA, where is observed lower concentrations 
for WLC effluent.

Figure 3. Mean input and output concentrations, and mean retention rates for BPA. 

Regarding to the retention rates, in the low concentration phase the highest rate was 89.0% for 
WLC and the lowest 34.1% for WL2, while in the high concentration range the lowest 
retention rate occurred for WL3 (37.6%) and the highest was also for WLC, with 90.4% BPA 
retention. As in the case of EE2, the highest retention rates occurred in the wetland containing 
bamboo charcoal and gravel as a support matrix, and cultivated with the macrophyte Cyperus 
isocladus. Applying the Mann-Whitney statistical test, the most efficient wetland for BPA 
retention was WLC (p-value <0.05, at 5% significance), independently of concentration 
range. There was no significant difference between the lower efficiencies in the removal of 
BPA (WL1, WL2 and WL3). 

Toro-Vélez et al. (2016) used a pilot scale horizontal subsurface flow wetlands, as in this 
study, and observed for BPA removal 73.3 (± 19%) in wetland cultivated with Heliconia 
psitacorum, 70.2 (± 27%) in the unit cultivated with Phragmites australis, and 62.2 (± 33%) 
in the one without plant. The values were slightly lower than the maximum values found in 
this study. Papaevangelou et al. (2016) also studied BPA removal in pilot scale horizontal 
subsurface flow wetlands, and obtained mean removals of 49.6% in those cultivated with 
Phragmites australis, 50.0% in wetlands cultivated with Typha latifolia, and 55.4% in 
wetlands without plant (rates slightly higher than the minimum found in this study). Ávila et 
al. (2014) investigated the retention of EE2 added to a municipal wastewater treated by an 
hybrid system of wetlands cultivated with Phragmites australis obtaining retention rates 
between 11 and 90% for BPA, variations close to those of the present study. 

In the low-concentration phase the mean input for LNG was 64.2 μg.L-1, while the output 
concentrations were 3.2 μg.L-1 (WLC), 2.4 μg.L-1 (WL1), 6.1 μg.L-1 (WL2) and 7.6 μg.L-1

(WL3). In the high-concentration phase the mean input was 147.2 μg.L-1, and output 8.5 μg.L-

1 for WLC, 13.3 μg.L-1 for WL1, 12.0 μg.L-1 for WL2 and 8.3 μg.L-1 to WL3. The input 



concentration should be close to 100 μg.L-1 in the low phase and 500 μg.L-1 in the high 
concentration phase, however, much lower concentrations were observed.

The decrease in concentration at the entrance of the system probably occurred because 
levonorgestrel was the substance with lower solubility (1.73 mg.L-1) when compared to EE2 
(11.3 mg.L-1) and BPA (300 mg.L-1), probably its dissolution in the synthetic wastewater was 
not as efficient as the other compounds. Figure 4 shows the mean input and output 
concentrations results for LNG. 

Figure 4. Mean input and output concentrations, and mean retention rates for LNG. 

The levonorgestrel retention rates were higher in relation to the other compounds. The 
maximum retention at the low concentration stage was 96.3% for WL1, while the minimum 
retention was 88.2% for WL3. In the high concentration phase the maximum retention 
occurred in WL3 with 94.3% and the minimum in WL1 with 91.0%. It is noted that the 
minimal removals for the levonorgestrel compound were very high when compared to the 
minimal removals of the other compounds. Statistical analysis by Mann-Whitney test showed 
that the most efficient wetlands were WL1 and WL3 (p-value <0.05) with no difference 
between them, nor between WLC and WL2, which were the least efficient wetlands (p-value 
<0.05) with 5% significance. 

Li et al. (2014) studied the removal of LNG in three tanks with volume of 288L containing 
ultra-pure water contaminated with 180 μg.L-1 of the hormone, one of them without 
macrophytes, another with Eichhornia crassipes (without being fixed to the support matrix) 
and another containing Cyperus alternifolius, also floating. With TDH of 50 days the removal 
efficiency obtained was 79.8% ± 3.1% in the tank with Cyperus alternifolius, and 78.9% ± 
2.5% in the tank with water hyacinth (Li et al. 2014). The results found by the authors with 50 
days HRT are lower than those found in the present study, with HRT ranging from 2 to 4 
days, evidencing that the four wetlands were extremely efficient in levonorgestrel retention.

CONCLUSIONS 
The constructed wetland WLC with bamboo charcoal and gravel as support matrix, cultivated 
with Cyperus isocladus, presented the highest retention efficiency for the studied compounds, 
and it was not affected by the different concentration ranges used. 
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INTRODUCTION / MAIN METHODS 
Textile industries produce wastewater as a by-product which is discharged into the 
environment. Researches have indicated that, among the various stages of textile production, 
operations which include fibre manufacturing, spinning and weaving, pre-treatment, desizing, 
scouring, bleaching, dyeing and finishing produce most of the pollutants (NIIR, 2003) . The 
textile wastes contain unused or partially used organic compounds, and high BOD, often of 
strong colour and high temperature (Hussaini and Arif, 2004). When disposed into water 
bodies or onto land these effluents will result in the deterioration of ecology and damage to 
aquatic life. Furthermore they may cause damage to fisheries, impact on human health and 
cause economic loss to fishermen and farmers. Therefore, the industries are required, by 
regulations, to treat the wastewater in order to avoid water pollution and to protect the 
environment. In Nigeria, the National Environmental Standards and Regulations Enforcement 
Agency (NESREA) is charged with this responsibility (NESREA, 2009). Despite the 
existence of this Agency, there are growing concerns that many industries in Nigeria do not 
treat their wastewater or are partially treating their wastewater. Also the treatment systems are 
either obsolete or not properly maintained thereby releasing effluent that is harmful to the 
environment. Despite the gross pollution in the receiving water bodies, the water from these 
sources is being used as means for water supply, irrigation, fishing, and even for recreation. 
High prevalence of some diseases in Sub-saharan Africa may not be unconnected with this 
and this study is carried out to investigate the performance efficiencies of wastewater 
treatment plants (WWTP) from three textile industries in Kano – Nigeria in order to ascertain 
whether or not the effluent from the WWTP meet standards. As textile industries discharge a
significant proportion of effluent, the research may form a database for monitoring effluent 
from textiles and for proper enforcement of standards by regulatory agencies.  

Three textile industries with functional WWTPs were selected and the performance 
efficiencies of their WWTP were measured using influent and effluent samples of the WWTP. 
The unit operations in the first WWTP include equalization tank, coagulation tank, primary 
tube settler, aeration tank, secondary clarifier and carbon filter. The second WWTP has 
equalization tank, coagulation tank, clarifier, sand filter and carbon filter while the third 
WWTP has equalization tank, flash mixer, primary clarifier, aeration tank and secondary 
clarifier. Samples were collected on hourly basis from 9am to 4pm during working days and a 
composite sample was formed. A total number of seventeen composite samples were 
collected and analysed in accordance with standard methods for the examination of water and 
wastewater (APHA, 2012). Parameters such as pH, BOD, COD, TSS, TDS, Sulphate, 
Ammonia-nitrogen, Chromium, Cadmium, Lead, Copper and Zinc were investigated for both 
the influent and effluent to the WWTP. 



MAIN RESULTS AND CONCLUSIONS
The influent to the three WWTPs were monitored and found to be in the following range: pH: 
9.8-11.6, BOD: 468-958 mg/l, COD: 1984-2256 mg/l, TSS: 652-5600 mg/l, TDS: 830-6350 
mg/l, Sulphate: 234-532 mg/l, Ammonia-nitrogen: 44-202 mg/l, Chromium: 0.15-2.13 mg/l, 
Cadmium: 0.009-1.080 mg/l, Lead: 0.019-0.340 mg/l, Copper: 0.04-0.54 mg/l and Zinc: 
0.072-0.880 mg/l. Similarly, the effluent from the three WWTPs range in the following 
manner: pH: 6.8-7.2, BOD: 114-251 mg/l, COD: 208-464 mg/l, TSS: 80-550 mg/l, TDS: 140-
530 mg/l, Sulphate: 159-236 mg/l, Ammonia-nitrogen: 14-87 mg/l, Chromium: 0.05-1.06 
mg/l, Cadmium: 0.002-0.250 mg/l, Lead: 0.011-0.11 mg/l, Copper: 0.010-0.26mg/l and Zinc: 
0.012-0.055 mg/l. Table 1 shows result of the average concentration of influent and effluent to 
the three WWTPs. The mean percentage removal efficiencies of the WWTPs were estimated 
to be 73% for BOD, 83% COD, 92% for TSS, 91% for TDS, 87% for TDS, 52% for sulphate, 
69% for ammonium nitrogen, 43% for Chromium, 76% for Cadmium, 69% of Lead, 59% for 
Copper and 74% for Zinc. Despite the seemingly appreciable reduction of most pollutants, 
parameters such as BOD, COD, TSS, Ammonia-nitrogen, chromium, cadmium, copper and 
lead in the effluent were found to be above the maximum permissible limits (MPL) for 
discharge into receiving water bodies (Table 1).  

It is therefore recommended that centralized WWTP should be adopted in order to treat 
wastewater from the industrial estates. Similarly, there should be proper monitoring of the 
industries to ensure compliance with standards.  

 Table 1. Average Concentrations of Influent and Effluent to the WWTPs and MPL. 
Parameter pH TDS

(mg/L)
TSS
(mg/L)

BOD5

(mg/L)
COD
(mg/L)

SO42-

(mg/L)

Influent

Effluent

MPL 

Removal 
efficiency (%)

10.7

6.9

6 – 9 

36

4493

400

2000

91

3885

327

30

92

740

201

30

73

2128

357

80

83

388

187

250

52

Parameter NH4-N
(mg/L)

Cu
(mg/L)

Zn 
(mg/L)

Cd
(mg/L)

Cr
(mg/L)

Pb
(mg/L)

Influent

Effluent

MPL 

Removal 
efficiency (%)

141

44.3

20

69

0.22

0.09

0.05

59

0.34

0.09

0.20 

74

0.37

0.09

0.01

76

1.15

0.66

0.10 

43

0.26

0.08

0.05

69

REFERENCES
APHA 2012: Standard Methods for Examination of Water and Wastewater, 22nd Edition. New 
York, American Public Health Association Inc. 

Hussaini, J. H. I. and Arif, M. 2004. Characterization of Textile Wastewater. Journal of 
Industrial Pollution Control, 20(1): 137-144. 

NESREA 2009. National Environmental (Textile, Wearing Apparel, and Foot Wear Industry) 
Regulations. Federal Republic Official Gazette No.66 Volume 96. www.nesrea.gov.ng/ 

NIIR 2003. The Complete Technology Book on Textile Processing with Effluent Treatment.
National Institute of Industrial Research. ISBN 13: 9788178330501.



Phenol biodegradation by bacterial cultures encapsulated in 3D 
microfiltration-membrane capsules for industrial wastewater treatment 

Ref # S2SMALL-  401335
E. Kurzbaum1*, Y. Raizner1, O. Menashe2,3

1Shamir Research Institute, University of Haifa, P.O.B. 97, Qatzrin, Israel.
2Water Industries Engineering Department, Achi Racov Engineering School, Kinneret College on the Sea of Galilee, D.N. 
Emek Ha’Yarden 15132, Israel.
3BioCastle Water Technologies Ltd., Israel. 
* Presenting Author: ekurzbaum@univ.haifa.ac.il

Abstract: The aim of the present study was to evaluate the phenol biodegradation performance of bacterial cultures 
encapsulated in 3D microfiltration-membrane capsules named 'Small Bioreactor Platform' (SBP). The performance of this 
novel biotechnological approach was studied under different initial phenol concentrations and different operating
conditions in batch and semi-continuous bioreactors. The maximal phenol biodegradation rate was 22 and 48 mg/L/h at an
initial phenol concentration of 100 and 1000 mg/L in the batch and semi-continuous bioreactors, respectively. The initial 
phenol concentration played an important role in the degradation efficiency rates, as found in the batch bioreactor, where 
the degradation rate was lower under low and high initial concentrations, as described by the Haldane model. Concentration 
equalization between the two sides of the SBP capsule's membrane occurred after 80 min. The microfiltration membrane is 
perforated with holes that have an average diameter of 0.2-0.7 μm. It is therefore suggested that the capsule's membrane is 
more penetrable compared to other polymeric matrixes used for bacterial encapsulation (such as alginate). This study 
shows that encapsulating phenol degraders within microfiltration-membrane capsules which create a confined environment 
has a potential for enhancing phenol removal in phenol-rich wastewaters. 
Keywords: Phenol, biodegradation, encapsulation, wastewater treatment, small bioreactor platform (SBP), 
bioaugmentation 

1. Introduction
Environmentally hazardous substances originating from anthropogenic activity cause eco-toxicological harm that has a 
great effect on the environment and on public health. Aromatic compounds are considered to have cytotoxic, mutagenic 
and carcinogenic effects on living organisms. Most of them can accumulate and remain in the environment for long periods 
of time (Mrozik and Piotrowska-Seget, 2010). Phenols are organic aromatic compounds that are soluble in water and are 
considered to be among the most challenging pollutants in many industries, including leather, textile, paints, plastics, olive 
mills, wine production, etc. The water treatment industry does not exhibit a sufficient ability to treat these compounds, and
they may therefore accumulate and contaminate soil and water. Phenol compounds have a broad environmental footprint 
and their toxicity has a tremendous effect on living organisms (Kim et al., 2002). Phenol also causes a severe smell 
nuisance, even at low concentrations (0.005 mg/L) (Mollaei et al., 2010).
In 2013, phenol was officially included in the American Environmental Protection Agency’s (EPA) list of 126 Priority 
Pollutants as well as in the European Union’s treatment guidelines. These authorized guidelines present different methods 
that can be applied for finding the most effective and economical treatment for the removal of phenol compounds from 
wastewater (Kurzbaum et al. 2010; Oboirien et al. 2011). These methods include well-known physical and chemical 
treatments such as advanced oxidation processes (AOP's), including treatment with H2O2/O3, metal ions (Fe, Ti) and UV 
radiation. However, none have been found to be economically, environmentally and energetically effective. The biological 
treatments, however, are considered to be a cost-effective, safer and environmentally-friendly alternative (Mrozik and 
Piotrowska-Seget 2010).
Use of bioreactors under the operation of continuous, semi-continuous or batch mode is a treatment process which is 
widely employed for biodegradation of phenol compounds. These bioreactors may be supplemented with an exogenous 
microbial biomass (bioaugmentation) in order to maximize their operational performance. This bioaugmentation process 
may also be used for the breakdown of selective contaminants (Menashe and Kurzbaum, 2014). The addition of an 
exogenous microbial biomass is usually performed with a microbial suspension. However, studies have showed that 
immobilization of the added biomass offers several advantages over free-living suspensions. These include a constant 
supply of nutrients, without competition by other microorganisms, and protection against preying by protozoan, metazoan 
and other microorganisms, environmental stresses, bacteriophages, toxins, and UV irradiation (Covarrubias et al., 2012). 
Use of culture immobilization formulas has been developed following the realization that the failure of bioaugmentation in 
wastewater treatment plants (WWTP) may be the result of using a suspended exogenous culture. The reasons for failure of 
the suspended culture are competition and negative interactions with the natural local microflora, in addition to constant 
culture dilution induced by the continuous inflow and outflow currents in WWTP (Songzhe et al., 2009). Both 
abovementioned obstacles prevent the exogenous culture from achieving a biomass that is sufficient for performing the 
necessary metabolic bioprocess (Azaizeh et al., 2015; Duan et al., 2015; Rathore et al., 2013).
Many studies have investigated the advantages of immobilized bacteria over the free culture state and suggested that 
immobilized bacteria are preferable due to the physical protection and the fact that they cannot be washed out of the reactor 
(Ehrhardt and Rehm, 1989). Bacterial immobilization formulas include various platforms such as sponges, membranes, 



organic matter, gel beads, activated carbon, etc. Nevertheless, ongoing biotechnology and engineering developments enable 
new solutions that increase the biodegradation efficiency of the bioaugmented immobilized culture. A novel technology 
developed by BioCastle Water Technologies Ltd. (Israel) is the 'Small Bioreactor Platform' (SBP). This innovative method 
enables the creation of macro-encapsulation (2.5 cm long and 0.8 cm diameter) capsules for the introduced bacterial 
culture. The SBP capsule is designed to create preferable micro-environment growth conditions (nutrients, physical 
protection and more) for the inner culture (pure or mixed). The macro-encapsulation particle generates a confined 
environment by a wall made from a microfiltration membrane. The structural membrane capsule physically separates the 
introduced microbial culture inside the capsule from the outer aquatic medium which contains the natural microbial flora of 
the wastewater, while enabling diffusion and trafficking of nutrients across the capsule's membrane. The protective barrier 
prevents washout of the microorganisms from the bioreactor and slows the diffusion of toxic materials (Kurzbaum et al., 
2017). The SBP capsules can be introduced into the host bioreactor as free suspended capsules within the aquatic medium 
or incorporated inside a perforated cage for site control. This cage provides some preferable local conditions for the 
introduced culture (such as placing it above an air diffuser for oxygen supply and mixing). It also prevents washout of the 
capsules from the bioreactor (Menashe and Kurzbaum, 2016). 
We have previously reported the ability of the SBP capsules to biodegrade several phenol compounds as well as phenols in 
olive mill wastewater (OMWW) using a batch treatment approach (Azaizeh et al. 2015). The required hydraulic retention 
time was approximately 24 h for synthetic phenol compounds and longer for reduction of phenols in OMWW. In this study, 
we aimed to develop an effective and unique biological treatment for one of the most serious environmental contaminants, 
the phenol compounds, in order to create an efficient solution for their degradation. The specific aims of the study were to 
estimate the degradation rate of phenol in batch and semi-continuous bioreactors using the SBP capsules technology and to 
define the diffusion rate of phenol through the structural membrane of the SBP capsule. 

2. Materials and methods

2.1 SBP capsules, solutions and materials

The encapsulated cultures in this study originated from a commercial bacterial blend, FOG (Fat Oil and Grease) type 2 
purchased from USA Bio Products (USA), which were encapsulated within NatiCap™Municipal SBP capsules at BioCastle 
Water Technologies Ltd. (Israel). The capsule's microfiltration membrane is made of cellulose acetate encasing a
supportive nutrient agar and the heterogeneous bacterial culture (Figure 1). The structure, composition, and validation of 
the SBP capsule technology are presented in detail in patent article number PCT/IL2010/000256. The SBP capsules were 
provided in a dry formula and the culture inside it is therefore in an inactive state. Activation of the capsules was performed 
with saline (0.85%) at 30ºC and orbital shaking of 100 RPM for 48 h. Afterwards, the capsules were transferred into a new 
Erlenmeyer flask filled with sterile Minimal Salt Medium (MSM) (Muñoz et al., 2007) and phenol (20 mg/L). The final pH 
of the medium was adjusted to 7. All growth media and solutions used in this study were prepared with distilled water and 
autoclaved at 121°C for 20 min. Phenol stock (15 g/L) (Alaf Aesar) was prefiltered with a 0.22 μm filter (Merck Millipore) 
before supplementation into the experimental treatments. 

Figure1. Schematic illustrations of the 3D SBP capsule membrane with a bacterial cell suspension 
inside it (the capsule is 2.5 cm long with a 0.8 cm diameter). This capsule is built as a structural 
membrane chamber that separates the inner microbial culture from the outer wastewater flora, while 
enabling the diffusion of nutrients, oxygen and CO2 across the capsule's membrane. 



2.2 Measurements of phenol, dissolved oxygen, pH, culturable heterotrophic bacteria and determination of 
biodegradation kinetics  

Phenol concentration was measured directly by sampling the bioreactor's medium using the 4-aminoantipyrine colorimetric 
method described at standard methods (1998) at 500 nm (Genesys 20, Thermo Science). pH/DO were measured with 
pH/DO meters (Eutech Instruments). The culturable heterotrophic bacteria within the SBP capsules and in the outer 
medium were determined by plating the samples after serial dilutions on 9 cm diameter nutrient agar plates (Neogene, 
USA) and the phenol-degrading bacteria by plating the samples on MSM-agar with phenol (150 mg/L) as the sole carbon 
source as described in Kurzbaum et al. (2016). All plates were incubated for 24 h at 36±1ºC. 
The biodegradation rate was calculated for each phenol concentration treatment by plotting the negative logarithm of C/Co
against time, where the slopes of the obtained straight lines are equal to K (Banerjee and Ghoshal, 2010) as demonstrated in 
the equation: 

Where C is the phenol concentration; C/C0 is the relative concentration; K is the slope of the straight line derived from the 
logarithmic graph. 

2.3 Experimental setup 

2.3.1 Batch bioreactor  

For the batch bioreactor experiment the reactor was operated initially under sterile conditions (MSM without SBP capsules)
in order to conduct experimental cycles of control to ensure that any reduction in phenol concentration in the following 
treatments is the result of biodegradation alone and not chemical or physical processes. This was done for all initial phenol 
concentrations and operative conditions. Later, for the batch bioreactor experiment, 40 activated SBP capsules were 
introduced into 2000 mL Erlenmeyer flasks with a cotton plug, filled with 1000 mL MSM and homogenized with a
magnetic stirrer at a constant temperature of 30°C (Figure 2). Five batch cycles were conducted using the same SBP 
capsules but with fresh MSM and different initial phenol concentrations (10, 50, 100 and 500 mg/L) for each cycle as 
described in Table 1. In each experimental cycle, phenol concentrations were measured frequently until reaching a minimal 
concentration value which indicated that phenol degradation had ceased. During cycles 3-5, additional oxygen was 
provided by air bubbling (10 L/min). At the end of the fifth cycle, total culturable heterotrophic and phenol-degrading 
bacteria concentrations were measured inside the SBP capsules. 

2.3.2 Semi-continuous bioreactor 

For the semi-continuous bioreactor experiment, 10 activated SBP capsules were introduced into a 500 mL bioreactor filled 
with 200 mL MSM and homogenized with a magnetic stirrer at a constant temperature of 30°C and 36°C for cycles 1-3 and 
4-6, respectively (Figure 3 and Table 2). Six cycles were conducted using the same SBP capsules, when each cycle started
after pumping out 100 mL medium from the bioreactor and introducing 100 mL of fresh MSM medium. Phenol was added
from a stock solution to reach initial phenol concentrations of 50, 200, 500 and 1000 mg/L as described in Table 2 for each
cycle. In each experimental cycle, phenol concentrations were measured frequently until reaching a concentration of 0
mg/L. During cycles 3-6, additional oxygen was provided by air bubbling (10 L/min). At the end of the sixth cycle, total
culturable heterotrophic and phenol-degrading bacteria concentrations were measured inside the SBP capsules. Controls
were done as described in the semi-continuous bioreactor above.

2.3.3 Phenol diffusion 

One of the most important issues in the bacterial encapsulation field is the diffusion of nutrients/organics through the 
immobilization/encapsulation matrix. In this study, this issue was addressed by monitoring the phenol diffusion rate 
through the SBP capsule's microfiltration membrane to the outer medium. The experiment was performed in 250 mL 
Erlenmeyer flasks filled with 100 mL sterile MSM without phenol. One sterile SBP capsule (without encapsulated 
biomass) filled with MSM containing 1000 mg/L phenol was added to each flask. The medium was homogenized using a 
magnetic stirrer at a constant temperature of 30°C to create conditions identical to the batch and semi-continuous bioreactor 
experiments. In order to monitor the rate of phenol outlet from the SBP capsule through the microfiltration membrane to 
the outer medium, phenol diffusion from the capsules into the MSM medium was studied by following the appearance of 
phenol in the outer medium. The experiment was performed in triplicates. 

2.4 Statistics
Figures show means of three independent experimental replicates. Each data point represents the mean, and error bars 
represent the SD of the mean.



Figure 2+3. (Right) Schematic illustration of the batch bioreactor operation experiment. 
(Left) Schematic illustration of the semi-continuous bioreactor operation experiment. 

3. Results and discussion
3.1 Effect of initial phenol concentration on biodegradation in the batch and semi-continuous bioreactors 
Phenol biodegradation rates in the batch bioreactor are presented in Table 1, Figure 4 and Figure 5.  
Sterile controls did not alter phenol concentration in the MSM at all initial concentrations (data not shown). These controls 
revealed that nonbacterial processes are negligible factors in phenol removal in the studied batch and semi-continuous 
bioreactors. 

In the batch bioreactor, the lowest degradation rates were obtained at low phenol concentrations (10 and 50 mg/L, cycles 1 
and 2, respectively). This was due to a low concentration of DO in the medium (less than 0.1-0.5 mg/L). In order to 
increase the biodegradation rate of the encapsulated culture, the following cycles were supplied with air bubbling that led to 
a DO concentration of 6.5 mg/L. Both cycles 3 and 4, containing 50 and 100 mg/L phenol, presented higher phenol 
degradation rates. However, cycle 5 which had the highest initial concentration (500 mg/L), achieved the lowest phenol 
degradation rate, probably due to phenol’s toxicity to the encapsulated microorganisms (data shown only at Table 1).
A similar phenomenon was observed in the study of Bakhshi et al. (2011) that reported on decreased degradation rates at 
phenol concentrations higher than 500 mg/L. In the study of Saravanan et al. (2008) it was shown that a high phenol 
concentration (>500 mg/L) can inhibit bacterial metabolic processes, and a longer lag phase prior to entering the 
logarithmic growth phase was observed under higher phenol concentrations. Duan et al. (2015) used an immobilized 
bacterial culture in a bentonite and carboxymethyl cellulose gel and reported contradictory results. In this study they show 
that the phenol was fully degraded after 144 h at initial concentrations of 500 and 900 mg/L. However, a higher phenol 

Figure 4. Batch bioreactor experiment results: 
Phenol concentration over time in the four 
operational experimental cycles. Numbers above 
the line represent the cycle number (see Table 1).
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degradation rate was obtained at an initial concentration of 900 mg/L. Moreover, Kumar et al. (2005) reported that in a
batch reactor with a Pseudomonas putida culture and an initial phenol concentration of 1000 mg/L, phenol biodegradation 
was completed after 162 h, with a calculated phenol biodegradation rate of 6 mg/L/h. 
Oxygen enrichment was found to have a significant beneficial effect on the biodegradation rate, as shown for cycles 3-5. It 
should be noted that air supply also increases medium agitation, which may have some positive effect on the rate of phenol 
biodegradation by the encapsulated culture. 
The kinetic constant K (Table 1, Table 2) is a common parameter for comparing biodegradation rates (Banerjee and 
Ghoshal, 2010). Phenol is considered to be an inhibitory substrate for microorganisms, for which Haldane's growth kinetic 
model well represents the biodegradation rate as a function of the initial phenol concentration (Kurzbaum et al. 2010). Our 
results show that at lower initial phenol concentrations the K is low, then it increases up to a certain concentration, and at 
the highest concentrations it again decreases. These results are concurrent with many previous studies (such as Bakhshi et 
al. 2011; Banerjee and Ghoshal 2010; Kumar et al. 2005). Bakhshi et al. (2011), for example, investigated the kinetic 
constant K and defined it as a first-order kinetic model of substrate utilization in a batch bioreactor. They found that the rate 
constants for initial phenol concentrations of 300, 500, 700 and 1000 mg/L were 0.0266, 0.0209, 0.0089 and 0.0063 h−1,
respectively. These findings are very similar to the values obtained in the present study. In the study of Mollaei et al. 
(2010), the observed phenol degradation rate in a batch bioreactor was 25 mg/L/h when using alginate as an immobilization 
matrix. At an initial concentration of 1000 mg/L, the alginate capsules degraded the phenol after approximately 40 h. Our 
results show that at the same initial concentration (1000 mg/L), the SBP capsules in the semi-continuous bioreactor 
degraded the phenol in less than 10 h. 

Table1. Operational and measured phenol degradation kinetic parameters in the batch bioreactor 
experiment. 

Table2. Operational and measured phenol degradation kinetic parameters in the semi-continuous 
bioreactor experiment. 

Cycle Time 
(min)

Phenol concentration 
(mg/L)

Temp 
(°C)

DO
(mg/L)

Degradation 
(%)

Degradation rate 
(mg/L/h)

K (h-1)

1 50 10 30 0.3 75 0.2 0.028

2 125 50 30 0.3 55 0.6 0.0108

3 145 50 30 >6.5 100 2.9 0.0252

4 150 100 30 >6.5 100 22 0.0292

5 152 500 30 >6.5 20 3.6 0.0082

Cycle Time Phenol concentration 
(mg/L)

Temp (°C) DO
(mg/L)

Degradation 
(%)

Degradation 
rate (mg/L/h)

K (h-1)

1 15 50 30 - 100 7.6 0.0228

2 25 200 30 - 100 11.9 0.00534

3 70 500 30 - 100 8.6 0.0506

4 95 500 36 >6.5 100 16 0.0495

5 105 500 36 >6.5 100 22.4 0.0972

6 115 1000 36 >6.5 100 48 0.1357



The differences in phenol biodegradation rate between alginate beads and the SBP capsules might point to differences in 
the suspended (SBP capsule) versus the immobilized (alginate beads) bacterial state within the encapsulated matrix which 
has an effect on its metabolic rate. Phenol diffusion through the different encapsulation barriers (cellulose acetate 
membrane versus alginate) probably also influences the biodegradation rate.  
Phenol biodegradation rates in the semi-continuous bioreactor operation are presented in Table 2, Figure 6 and Figure 7. 
The semi-continuous bioreactor operation reduces the possibility of accumulation of byproducts in the bioreactor's medium. 
In the six experimental cycles, phenol biodegradation was completed and reached 0 mg/L faster than in the batch 
bioreactor. In cycles 1-3, performed at 30°C with a phenol concentration of 50, 200, 500 mg/L, the degradation rates were 
lower compared with cycles 4-6 which were carried out at 36°C, with 7.6-11.9 mg/L/h and 16-48 mg/L/h, respectively. The 
highest phenol biodegradation rate, 48 mg/L/h, was observed in cycle 6 which had an initial phenol concentration of 1000 
mg/L. To the best of our knowledge, there are no data in the literature on bioaugmentation and bioremediation of an 
encapsulated culture within a semi-continuous bioreactor. This study demonstrates that the known advantages of semi-
continuous operation (Shulter and Kargi, 2000) are very important also for encapsulated cultures in wastewater treatment 
processes aimed at biodegrading specific inhibitory contaminants such as phenol. 
As shown in Table 1 and Table 2, poor oxygen supply and lower temperature (30ºC) resulted in lower degradation rates. At 
a higher oxygen concentration and temperature, the degradation rates increased significantly. For example, in order to 
increase degradation rates using the encapsulated culture, the initial concentration of 500 mg/L was tested under agitation 
alone or with an additional air supply (by bubbling) and under two temperatures (30ºC and 36ºC). Figure 8 shows the 
normalized phenol concentration against time under these different conditions. The lowest rate was obtained with agitation 
alone at 30ºC. A higher rate was obtained with the addition of air bubbling, and highest rates when air supply was 
accompanied with a higher temperature (36ºC), with values reaching 8.58 mg/L/h, 16 mg/L/h and 22.4 mg/L/h,
respectively. Previous studies also show the importance of temperature for phenol biodegradation by immobilized cultures, 
with 35-36ºC being the most effective temperatures at all initial phenol concentrations (50-1000 mg/L) (Duan et al. 2015;
Rava et al. 2015). 

3.2 Culture characterization 
The bacterial cell count inside the SBP capsules exhibited a high concentration of a heterotrophic population and a lower 
phenol-degrading population, with 5.54x1011 CFU/mL and 1.74x109 CFU/mL, respectively. It is assumed that the phenol is 
fully degraded not only by the phenol degraders, but also by a co-metabolic degradation of the total heterotrophic mixture 
that also degrades the byproducts and intermediates as described earlier by Oboirien et al. (2005) and Marrot et al. (2006) 
which described the use of several microorganism populations as an advantage for co-metabolic degradation of phenols and 
polycyclic aromatic hydrocarbons (PAH). 

3.3 SBP capsule diffusion 
Figure 9 shows the diffusion of phenol through the SBP capsule membrane to the outer medium over time. The aim was to 
evaluate the phenol diffusion rate through the SBP capsule's microfiltration membrane under sterile conditions. The results 
show a relatively high initial phenol diffusion rate from the SBP capsules to the outer medium, reaching concentration 
equalization after 80 min. The time period for reaching a concentration equalization between the two sides of the capsule's 
membrane is in the range that Gabardo et al. (2011) found for nitrate and glycerol diffusion through alginate beads (30 min 
and 10 h, respectively). 
The growth rate and the contaminant biodegradation rate of encapsulated cultures are usually modified due to substrate 
diffusion limitations through the encapsulation matrix of the encapsulated cultures. This was shown in previous studies 
with alginate beads or other polymeric matrixes (Gabardo et al., 2011). The SBP capsule's microfiltration membrane is 
perforated with 0.2-0.7 μm holes (Menashe 2010), a fact that may enable higher diffusion rates into the encapsulated 
culture compared with other polymeric matrixes used for encapsulation. In a previous study we demonstrated that the 
biodegradation rates of three phenols (tannic, gallic and caffeic acids) were up to 2-fold slower when using a SBP 
encapsulated culture compared to a suspended culture (Azaizeh et al., 2015). This ratio is considered low compared to other 
formulation matrixes used for bacterial immobilization. Chen et al. (2007), for example, demonstrated that the kinetic ratio 
of phenol degradation by immobilized and suspended cultures of Pseudomonas putida was 1 and 6, respectively. Use of the 
same bacterial cultures under the same conditions but in a different growth state (suspended vs. encapsulated) can indicate 
the influence of the encapsulation matrix on the biodegradation rate. It is therefore suggested that the SBP capsule's 
membrane is more penetrable compared to other encapsulation matrixes. Future research should address this issue in order 
to optimize the SBP capsule's encapsulation membrane. 
On the other hand, Moslemy et al. (2002), who focused on gasoline biodegradation using free and encapsulated bacteria, 
showed that the degradation rate of the encapsulated bacteria increased and appeared as a first-order reaction, contrary to 
the non-linear reaction of the free bacteria that decreased significantly under higher gasoline concentrations. This 
demonstrates the advantage of bacterial encapsulation over suspension growth when inhibitory substrates are involved. 



Figure 6. Semi-continuous reactor experiment results: Phenol concentration over time in the six 
operational experimental cycles. Numbers above the line represent the cycle number (see Table 2). 

Figure 9. Diffusion of phenol through the SBP 
capsule's microfiltration membrane from the inner part 
of the capsule to the outer medium over time. 

Fig 6 
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Figure 7. Semi-continuous reactor experiment 
results: Normalized phenol concentration over time 
under different operation conditions. DO represents 
the addition of oxygen as air bubbling into the 
bioreactor's medium. All cycles were performed at 
30oC except where 36oC is mentioned.

Figure 8. Semi-continuous reactor experiment 
results: Biodegradation of 500 mg/L phenol under 
different operation conditions: DO represents the 
addition of oxygen as air bubbling into the 
bioreactor's medium. All cycles were performed at 
30oC except were 36oC is mentioned.



4. Conclusions

The current study investigated phenol biodegradation using encapsulated cultures within SBP capsules under batch
and semi-continuous bioreactors.
The semi-continuous bioreactor showed higher degradation rates compared to the batch bioreactor.
The SBP capsules encapsulate a small volume of a bacterial suspension in a 3D membrane. It is expected that the
capsule's membrane is more penetrable compared to other encapsulation matrixes. Diffusion rates into and out of the
capsules thus facilitate higher biodegradation rates.
Practically, the SBP technology can be useful for treating phenol-rich wastewaters which cannot maintain a sufficient
natural microbial flora due to phenol toxicity or low hydraulic retention time (HRT) in the reactor.
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INTRODUCTION
Phenolic compounds are the most commonly found pollutants in the aquatic environment. 
There are many types of phenolic compounds such as nitrophenols, chlorophenols, 
alkylphenols, bisphenols. Some of phenolic compounds are toxic and persistent in aquatic
environments. It is necessary to establish technologies to remove phenolic compounds from 
contaminated water.
Rhizoremediation, the degradation and removal of pollutants by microbial activity in the 
rhizosphere of plants, is a cost-effective and environmentally friendly remediation 
technology. Some studies have shown the accelerated biodegradation of phenolic compounds 
in waters (Hoang et. al., 2010, Toyama et. al., 2011, Kristanti et. al., 2014). However, the 
accelerated biodegradation of phenolic compounds by rhizosphere is not fully understood. 
The objectives of this study were to evaluate the accelerated removal or four phenolic
compounds, 4-tert-butylphenol (4-tBP), bisphenol A (BPA), 4-nitrophenol (4NP) and 
2,4-dichlorophenol (2,4-DCP), in the rhizosphere of common reed (Phragmites australis) and 
to isolate and characterize the phenolic compound-degrading bacteria from P. australis
rhizosphere. 

MATERIAL AND METHODS
Four different phenolic compounds, 4-tBP, BPA, 4-NP and 2,4-DCP, were used in this study.
Ten weeks old sterile P. australis and secondary effluent wastewater of municipal wastewater
treatment plant were used in the phenolic compounds removal experiments. In the phenolic 
compounds removal experiments, four types of microcosms Microcosm A (control): each
phenolic compound (5 mg/L) in sterilized Hoagland solution; Microcosm B (removal by plant 
alone): each phenolic compound in sterilized Hoagland solution with a sterile P. australis;
Microcosm C (removal by bacteria alone): each phenolic compound in wastewater; and 
Microcosm D (removal by bacteria-plant association): each phenolic compound in wastewater 
with a P. australis were prepared. All microcosms were incubated at 28±1°C under
fluorescent lamp at 8000 lux (16-h light and 8-h dark condition) for five days. The phenolic 
compound concentration was measured by HPLC during the experiments. At the end of 
experiments, microbial populations in microcosms were analysed and each phenolic 
compound-degrading bacteria were isolated from P. australis rhizosphere (microcosm D).
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RESULTS AND DISCUSSION
Figure 1 shows the degradation profiles of phenolic compounds in the four different 
microcosms. As shown in microcosm B, common reed has higher ability to remove 4-tBP and 
2,4-DCP compared with BPA and 4-NP. Microcosm C shows the biodegradation by bacteria
in wastewater. BPA was completely degraded by bacteria after three days, but 4-tBP, 4-NP 
and 2,4-DCP were slightly and slowly removed by bacteria. Microcosm D shows the phenolic 
compound removal by bacteria-plant association. Distinct removals of 4-tBP, BPA, 4-NP and 
2,4-DCP were observed in microcosm D. The results suggest that rhizoremediation using P. 
australis can be effective for the treatment of the phenolic compound-contaminated water.
After removal experiments, 4-tBP-, BPA-, 4-NP- and 2,4-DCP-degrading bacteria were 
isolated and identified from microcosm D.  

Figure 1. Degradation profiles of 4-tBP, BPA, 4-NP, and 2,4-DCP in flasks A, B, C, and D. 
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Status	of	water	safety	plans	and	risk	assessment	in	small	water	
supplies	in	Europe	
Arnt	Diener,	WHO	Regional	Office	for	Europe	

In  the  pan‐European,  one  quarter  of  the  population  is  supplied  by  small  water  schemes  ‐ 
predominantly  households  in  rural  areas.  Country  assessments  reveal  that  these  households 
significantly lag behind in access to safely managed water on premises and that rural supplies more 
frequently fail compliance with E. coli  limits than urban schemes. Small water supplies feature the 
common challenge of relatively high per unit costs, limited access to technical advice or materials and 
are  frequently management  by  undertrained  staff.  Still many  national  regulations  do  not  provide 
particular  requirements  for  small water  schemes.  The  issue  of water  safety  in  small  supplies  is  a 
recognized  concern  in  the  region  and  is  addressed  by  the  Protocol  on Water  and Health  and  the 
Sustainable Development Goals. The WHO has developed practical guidance for the implementation 
of the water safety plan approach in small systems. The WHO European Centre for Environment and 
Health is assisting countries in the pan‐European Region with introducing water safety plans for rural 
areas and small schemes in policy and practice. 

 

 

Water	safety	plans	with	improved	technique	to	detect	pathogens	
María	J.	Gunnarsdóttir,	University	of	Iceland	

Access to safe water is essential for public health. The water sector has implemented water safety 
plans (WSP) as proactive approach to protect water from contamination. The Aquavalens project has 
the goal of improving methods for the detection of pathogens in drinking water. New methods and 
technique has been developed, standardized and tested  in the project at  twenty water supplies  in 
seven European countries. The task was to evaluate how these methods can be  implemented and 
improve  the water  safety  plan management  system as  an  operational  tool.  It  has  been  shown  to 
improve knowledge on pathogen present and identify water quality problems. This new knowledge 
will assist  in validating WSP control measures and  to perform risk assessment.  It will also assist  in 
microbiological control in water treatment processes. The new methods will support risk management 
in small supplies and have the potential to answer the question is WSP performing as it should to the 
general public, the regulatory authority and the scientific communities. Evaluation has been done with 
chosen  measurable  indicators  and  questionnaires  with  open  questions  together  with  sanitary 
inspection performed as a part of the project. Results from this evaluation will be presented at the 
workshop.  

 



Quantitative	Microbial	Risk	Assessment	(QMRA)	in	small	private	
supplies	
Paul	R.	Hunter,	University	of	East	Anglia	

It is now well known that the risks to consumers associated with small and very small water supplies 
are substantially greater that those associated with large water supplies. Evidence for this comes from 
surveys  of  finished  water  quality,  reports  of  outbreaks  and  epidemiological  studies  of  disease. 
Potential  reasons  for  this  greater  risk  include;  poorer  quality  source  water,  poorer  treatment, 
insufficient  funding  and  lack  of  adequately  trained  system  managers.  There  remains,  however, 
uncertainty  as  to  the  actual  risks  to  health.  A  few  years  ago,  we  reported  on  a  QMRA  study  of 
Cryptosporidium and Giardia in private supplies in the UK and France. As part of the AQUAVALENS 
project we have ben revisiting that study and reassessing the risks. One issue that has been raised in 
the intervening years has been how one extrapolates from risk of infection per day to risk of illness 
per  year. We have been using microsimulation modelling  techniques  to  improve our  estimates of 
disease risk from small water supplies and will present our results. 

 

 

Carbon	Footprint	and	economic	implications	of	new	technologies	
in	detecting	waterborne	pathogens		
Carmen	Maria	Torres	Costa*	and	Maria	Jose	Figueras,	University	Rovira	i	Virgili	

The Aquavalens research project, founded by the EU aims to improve the safety of European drinking 
water through the development of technologies that would allow a more rapid detection of viruses, 
bacteria and parasites. However, within the project the environmental impact of the newly developed 
technologies is also evaluated through the analysis of their carbon footprint (CFP). So far no CFP data 
have  been  reported  for  analytical  procedures  used  to  determine  water  quality,  so  this  can  be 
considered  an  original  innovation  in  our  project.  To  achieve  this,  an  inventory  of  the  expected 
emissions generated by  the novel  technologies versus classical  standard methods was established.   
The sources of primary data came from the manufacturer partners, and from the end‐user partners. 
Specific questionnaires were designed to obtain flows of materials, energy and wastes, with special 
attention  to  packaging  in  platform  production  and  transport  and  energy  consumption  during  the 
platforms use. In the whole life cycle of the product, the use phase is by far the major CFP contributor. 
The uncertainty analysis conducted illustrated the consequences in the CFP results of the different 
decisions,  analytical  choices and  laboratory management during  the  collection and analysis of  the 
samples. The collection of the samples, and specifically the transport to and from the sampling point 
to the laboratory, was found to be the most significant contributor in the total CFP affecting also the 
variability of the final score.  
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Abstract: The Mexican Institute of Water Technology through a project funded by the 
Gonzalo Rio Arronte Foundation drew up the master Plan in the field of water protection, 
conservation and recovery environmental of the Yucatan peninsula, which includes an 
environmental diagnosis and a battery of indicators; This last very important since it serves 
as an element of verification, monitoring and evaluation of the conservation and 
environmental recovery of the peninsula. The bacteria indicators update allows you to 
measure the effectiveness of the activities carried out over time and let you show your 
progress, identify successes and weaknesses and propose corrective actions to optimize the 
desired results. Moreover, these indicators reflect the ecological, social and economic status 
of the region in question. This work is based on the update of the range of indicators of the 
Master Plan in the field of water for the protection, conservation and recovery 
environmental of the Yucatan peninsula in 2013, which was carried out through an 
inclusive process involving the three levels of government, technical and educational 
institutions, organized civil population and the different uses of water users.

Keywords: environmental conservation, indicators, Yucatan peninsula. 

INTRODUCTION
The region of the Yucatan peninsula (PY) is located in Mexico, it is composed by the states of 
Campeche, Quintana Roo and Yucatan (Figure 1), this area is characterized by the availability 
of water sufficiency, so rational and sustainable use is a shared responsibility between the 
government and the society. Water is an issue that is of particular importance given that it is 
the source of life, their availability determines the development of many regions of the 
country (CONAGUA 2012). 

Figure 1. Location of the Yucatan península, Mexico.

The 2011 the Mexican Institute of Water Technology (IMTA) through a project funded by the 
Gonzalo Rio Arronte Foundation (FGRA) elaborate the master Plan in the area of water 
protection, conservation and recovery environmental of the Yucatan peninsula which is a 
document that aims to orient actions and programs that run the various actors of PY to 



conserve and preserve the water resources and the environment (Espinosa 2011); his design 
approach is based on a process of continuous improvement and a comprehensive 
environmental planning at the regional level, within a framework of intersectoral and inter-
institutional management which involves the three levels of government, technical and 
educational institutions, organized civil population and the different uses of water users; 
resulting in a strategic plan operational, effective, measurable and perfectible so it was 
established that its update must be performed every 4 years (Vázquez 2015).

The master Plan is based on five pillars: 1) a differential environmental 2) identification and 
consensus of priority problems, 3) the establishment of strategic objectives, goals and general 
actions, 4) identification, consensus and prioritization of specific for environmental recovery 
projects and 5) the establishment of a range of indicators; the latter very important since it 
serves as element of verification, monitoring and evaluation of the conservation and 
environmental recovery of the PY (IMTA 2012). An indicator is a tool that provides 
quantitative information regarding the performance if same (Armijo 2009) that is 
characterized by being measurable; precise; consistent; and sensitive (OIE et al.).

In 2013 was raised a set of indicators (indicators bacteria) for the master Plan, which measure 
the effectiveness of the activities carried out over time and allow to show their progress, 
identify achievements and weaknesses and proposing corrective actions to optimize the 
desired results. Moreover, these indicators reflect ecological, social and economic aspects of 
the PY.

This work is based on the update of the range of indicators of the master Plan in the field of 
water for the protection, conservation and recovery environmental of the Yucatan peninsula in 
2013.

MATERIALS AND METHODS

To the range of indicators of the Master Plan update was held a workshop in which a college 
group composed of 30 people participated representatives of governmental and non-
governmental organizations, civil society organizations and educational institutions in the 
three States that make up the Yucatan peninsula. The assistants worked by working groups 
which were formed taking as criteria your area of work, skills, experience or expertise in the 
priority problem to analyze. 

The workshop was held in 4 stages, which were: 

1. Review, consensus and validation, or redefinition of the content of the methodological
sheets.

Each member group shall appoint a chair and a secretary. At this stage the methodological 
sheets will be provided so that they can be reviewed, consensuses and validated. 

Each section of the methodological sheets may undergo changes minor or entirely according 
to the criterion of the collegiate group (Figure 2). 

2. Update, consensus and validation of the status of the flags.

In order to have a solid and up-to-date baseline the current state of the indicators will be put 
under consensus for validation or modification as the case may be. 

3. Definition of goals in the short, medium and long term indicators.

In order to measure and verify the impact of actions and specific projects, each Member group 
must define goals attainable in the short (1 to 2 years), medium (3 to 4 years) and long (over 5 



years) term, as well as indicators of state semaphore type. For this stage scheduled actions that 
impact on each priority problem to define achievable goals should be taken into account. 

Figure 2. Review of methodological sheets.

4. Responsible for monitoring, generation and update assignment data base for the
production of indicators.

Each member group shall designate the person responsible for the monitoring of indicators, 
those responsible for the generation, obtaining information and updating of the data base for 
the calculation of the indicators. Shall be also determined the times related to each activity
(Figure 3). 

Figure 3. Asingacion of persons in charge of the information.

RESULTS AND DISCUSSION
As part of the review and update of the indicators of the master Plan were reviewed 
methodological sheets of the 14 indicators that they had proposed 2013 as well as their status 
and relevance for the measurement of environmental conservation of the Yucatan peninsula. 
After reviewing indicators, 5 has remained, modifications were made to 7 and 2 were 
eliminated.



Priority problem Final indicators

Reduction of the quantity and 
quality of water

Degree of pressure.

Residual municipal WWTP treated water.

Index of water quality in groundwater sources of supply for human 
consumption.

Percentage of expenditure chlorine in potable water supply systems.

Percentage of solid waste in appropriate final disposal sites.

Deterioration of natural resources 
and disordered urban growth

Urban development programs.

Ecological Ordinance programs.

Index of the impact of land use change.

Social and economic 
backwardness and poverty and 
deterioration of public health and 
welfare

Degree of social backwardness.

Population with access to waste water catchment systems.

Population with access to public health services.

Percentage of schools served by an alternative system of disinfection of 
water in marginalized communities who do not have drinking water 
systems.

Insufficient legislation, reduced 
awareness and social participation 
and low environmental culture 
and inadequacies in the 
monitoring and socio-
environmental information

Number of municipalities with established recycling programs.

Percentage of social participation in the Watershed Council.

Number of stations for monitoring hidroambiental in operation.

Number of installed water areas (ECA) and operation.

Number of instructors in six steps of health and sanitation.

Extreme events and climate 
change

Assurance of public goods index.

Number of strategies that foster for mitigation and adaptation to climate 
change.

Additionally added 5 indicators, finally leaving 19 (table 1), of which: 5 correspond to the 
priority problem reducing the quantity and quality of water, 3 to the deterioration of natural 
resources and urban sprawl, 4 social and economic backwardness and poverty and 
deterioration of health and well-being public, 5-insufficient legislation, reduced awareness 
and social participation and low environmental culture and inadequacies in the monitoring 
and socio-environmental and extreme 2 information and climate change; all these priority 
issues identified in the environmental diagnosis during the elaboration of the master Plan.

CONCLUSIONS

There is a battery of indicators solid and up-to-date (19 indicators) for measuring the 
effectiveness of the activities carried out in the PY.

Through selected indicators of can measure and analyse the conservation and environmental 
recovery of the region. 

It is essential to have a battery of indicators allowing you to identify achievements and 
weaknesses by the actions carried out in the region by the different organizations of 



government and civilian population organized technical and education; allowing propose 
corrective actions to optimize the desired results.
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Abstract: Patrind Hydropower Project is run-of-river project located on the boundary of 
Khyber-Pakhtunkhwa of Pakistan. The Project has the total installed capacity of 150 MW. 
The purpose of the Project is to provide zero-emissions renewable electricity to the grid 
and also provide local and global environmental benefits as well as strong local 
socioeconomic benefits. The construction was started in early 2013 is completed in March 
2017 and is now in its commissioning stage for normal activity.

The environmental footprint of the Project has had a slight impact on the environment in 
comparison with the other projects, because the government and private sector actively 
cooperated and reduced the environmental impact by minimizing the size of the Project.

The Patrind Hydropower project is the first Independent Power Producers (IPP) under 
Pakistan’s Power Policy 2002 and sponsors’ first endeavour in Pakistan’s hydro power 
sector. During the Project’s implementation, various challenges were faced and the 
solutions/mitigations were provided accordingly. There are few challenges faced and can 
be dealt wisely for the development of next projects in hydropower sector in Pakistan.
Keeping in view the issues faced during the construction of Patrind Hydro Power Project, 
relevant management measures were adopted for their mitigation. However, the challenges 
faced during the development can be treated as the roadmap for the development of other 
projects in the future. Proper plans and strategies suggested against the challenges faced 
can be developed at very early stage of the Project’s development in order to successfully 
implement the project with reduced development time and enhanced efficiency and quality.

Keywords: Environment, Hydropower, Impact, Management, Social.

INTRODUCTION 
Patrind Hydropower Project (the “Project”) is run-of-river project located on the boundary of 
Khyber-Pakhtunkhwa (KP Province of Pakistan). The construction was started in early 2013 
is completed in March 2017 and is now in its commissioning stage for normal activity.

The Project has the total installed capacity of 150 MW. The purpose of the Project is to 
provide zero-emissions renewable electricity to the grid and also provide local and global 
environmental benefits as well as strong local socioeconomic benefits. The Project is 
sponsored by K-Water which is a Government owned Corporation of South Korea. The 
Project is being financed by multilaterals like IFC, ADB, IDB and KEXIM. The 
environmental footprint of the Project has had a slight impact on the environment in 
comparison with the other projects, because the government and private sector actively 
cooperated and reduced the environmental impact by minimizing the size of the Project.

The total number of residents that were involved in the resettlement for the Project was also 
not that high. Only 26 houses including 146 residents were relocated during the Project 
construction. The total land acquired for the Project is 100 Acres (404,686m2), out of which 
90% of the land was to be submerged in the reservoir area which is about 5km in length 



running through a narrow gorge. This is also one of the key benefits of the location that there 
is no dependency of the locals in any way.

The Environmental Management Plan (EMP) and Resettlement Plan have been prepared 
considering the guidelines established by the Asian Development Bank(ADB)/World 
Bank(WB) and adjoining institutions, especially in accordance with International Finance 
Corporation(IFC) guidelines on Environment Health Safety(EHS) 2007 and Performance 
Standards 2006.

The Environmental Impact Assessment(EIA) was submitted in July 2008 to relevant 
Environmental Protection Agency(EPA-KP) for approval. The EPA-KP approved the EIA 
report in April 2011. The measures identified and determined in the EMP have to be 
implemented by all the contractors.

Describe the background of the work and its aims. The formatting provided automatically 
leaves space between the paragraphs, so the use of an empty line-return is not needed.

Table 1. Dam Location and specifications
Feature/structure Type/size

Project name/location Patrind Hydropower Project Pakistan
River Kunhar river Khyber-Pakhtunkhwa (KP) province
Dam/Weir Type Concrete Gravity Dam

Storage 6.14*106 m3

FWL EL767 m
NWL EL765 m
LWL EL760 m

Sandtrap Type Settlement Pool (Rearranged sand-trap)
ze B80.0m×H20.0m× L311.0m×1ea
Discharge 153.66 m3/sec

Spillway
(Gates & Size)

Overflow gates B12.0m×H10.4m×2ea (Radial)
Underflow gates B7.0m×H11.6m×2ea (Radial)
Flap gates B5.0m×H2.8m×2ea
Min. flow 2.2 m3/sec

Tunnel & Bypass Headrace tunnel L2.2 Km, Dia. 7m 
Vertical tunnel Dia. 8.5m
Horizontal tunnel Dia. 8.5m
Bypass tunnel L175m x D7.5m

Hydropower plant Installed capacity 150MW
Annual Average Energy 642GWh
Turbines Vertical Francis (3ea)

Cost Total Cost 436 million USD 
Compensation 7 million USD

Location of the project 
The Project is located in northern region of Pakistan in the province of Khyber Pakhtunkhwa. 

The dam (weir) site is located near Patrind village, which is a small village on the left bank of 
Kunhar river in district Muzaffarabad. Project’s weir site is located about 13.4 Km upstream 
of the confluence of Kunhar with Jhelum river and can be accessed by Boi Road on right side 
of Kunhar river. 

The powerhouse site is located on the right bank and downstream limb of Jhelum river at 
Lower Chattar District Muzaffarabad which is about 9.0 Km upstream of the confluence of 
Jhelum with Kunhar river. A new bridge is constructed across the Jhelum river to access the 
right bank for transportation of heavy machinery and equipment to the construction area of 
the powerhouse.



Figure 1. Patrind Project layout

Environmental and Social Impact and Management Measures 
The impacts on physical, biological and socio-economic environment are described in the 
following.

In physical environment, there are four groups such as water resources, water quality, air and 
noises. Environmental impacts and management measures have been shown. In the aspect of 
water resources, firstly, during the construction phase, it was expected that river water quality 
would deteriorate. This was due to the increase of suspended solids and turbidity. Secondly 
during operation phase, Kunhar river flow will undergo cyclical changes particularly affecting 
the downstream flow of the weir. Then there are the following measures. During the 
construction phase, change in water quality was temporary and over a short distance of the 
reach which is neither being used for agricultural irrigation nor as a supply of drinking water.
Contractors took extreme care to minimize the quantities of soil that entered the river. During 
operation phase, minimum 2.2 m3/sec of water from the head pond will be released as 
ecological flow throughout the year. This flow is in addition to substantial flow of the streams 
in the downstream area which joins Kunhar river thus providing enough flow as a 
management measure for aquatic flora and fauna in the reach downstream reach of the weir.

In the aspect of water quality, the sediment load in terms of watershed erosion/ silt runoff may 
affect the life of the head pond and downstream of weir if allowed at excessive filling rate. As 
a management measures, the weir design provides a control of sediment load by sluicing 
through the under sluice gates during high flows. A bypass tunnel has been provided to flush 
the sediment in the upstream reach of the reservoir and protect the turbine from the damage 
by sediments. Modified sand-trap is designed to trap the particles greater than 0.2 mm. Also,
biannual water quality monitoring has been conducted throughout the construction period and 



will be done in the operations phase as well in accordance with the National Environment 
Quality Standards (NEQS). In air quality aspects, particulate matter emission during 
construction activities include earthworks (dirt or debris pushing and grading), exposed 
surfaces, exposed storage piles, vehicle movement on unpaved land, combustion of liquid fuel 
in equipment and vehicles. As a management measure, during the construction period, all the 
contractors took every necessary precaution to limit pollution from dust and any wind-blown
materials during the construction period, including water sprinkling on regular basis. Air 
quality and meteorological monitoring programs to check on whether emissions and ambient air 
pollutant concentrations comply with National Environmental Quality Standards (NEQS) and 
ADB Guidelines were developed and implemented. Materials piled in the field were veiled with 
dust-proof covers. The spoil material was transported carefully considering the capacity of the 
trucks. All cars are run under specified speed limit.

In the aspect of noise environment during the construction period, there were enhanced noise 
levels due to increased traffic, as well as working of construction machinery and equipment
during the day. Noise annoyance can also interfere with sleep during the night. These Effects 
would have been caused due to drill-blasting during the excavation of headrace tunnel, 
pressure shaft and caverns. As a management measures, the contractors selected the 
equipment causing low noise and worked regular check and maintenance of the machinery 
and equipment. Also, construction activities usually carried out in day time. In the
construction area most vehicles speed limits were reduced.

In biological environment there are flora and fisheries. Environmental impacts and 
management measures have been shown. In the aspect of flora, land acquisition for the
Project resulted in loss of habitats for flora. Transportation of equipment/machinery for the 
project might have caused damages to the crops and vegetation. Flora might have been 
affected by trespassing of construction crews. The cutting of trees during the project 
implementation will affect the ecological balance of the area and increased the soil erosion 
and landslide potential. As a management measures, annual tree plantation campaigns have 
been conducted to compensate the impact done due to the tree cutting during the construction 
period. Approximately 6,000 trees have been planted in 4 years of construction within the 
Project area and at other locations near the Project. Engineering Procurement & Construction 
(EPC) Contractor and its sub-contractors took all efforts to minimize the removal of trees. For 
any tree cutting necessary for the construction prior approval was mandatory from the 
Engineer or Client. It was an obligation on the contractors to count of the total number of 
trees removed and will plant double the number of trees in the replanting efforts. In order to 
restore the ecological balance of the area, the Operation and Management Contractor should 
plant as many trees as will be cut down during the project implementation. In fisheries aspects, 
the migratory fishes don’t exist in the Project area. There is no dependency on river fish in 
domestic or commercial aspects. The creation of head-pond and weir will result in the 
development of fish culture habitat and endanger aquatic life downstream. As a management 
measure, the propagations of seasonal fish species were needed with the help of fishery 
Department in the head-pond. It was also essential to release downstream ecological flow.

In socio-economic environment there are house/land acquisition and economy. Environment 
impacts and management measures have been shown. In the aspect of house and land 
acquisition, approximately 100 acres of land including 26 houses were acquired for the 
development of Project both on powerhouse and reservoir area. The majority of the land 
(80%) falls in the reservoir area. The houses are occupied by 146 persons who constitute the 
population which is subject to displacement. As a management measure, during the land 
acquisition process the various scenarios were properly discussed such as land compensation,
business rights periods and relocation expenses. All the land/house owners opted for cash 



compensation which was paid to the them through government. No resettlement issues were 
raised as the cash compensation was opted by the house owners instead of resettlement option.
In economy aspects project has already shown its positive impacts on the economy of the area 
during construction phase. About 2,000 locals were employed (skilled and unskilled) during 
the construction phase which helped not only in enhancement of their livelihood but also in 
maintaining good relations with the communities though they always demanded for more. 
Several business avenues were tapped by the locals in the Project area. More than 50 
restaurants and shops have been established in the project’s vicinity by the locals helping in 
enhancing the local economy. Local markets were benefited due to the increased demand for
consumer goods, materials, fuel and other necessary items.

Challenges faced and suggested solutions 
The Patrind Hydropower project is the first Independent Power Producers (IPP) under 
Pakistan’s Power Policy 2002 and sponsors’ first endeavour in Pakistan’s hydro power sector. 
During the Project’s implementation various challenges were faced and the 
solutions/mitigations were provided accordingly. Following are few challenges faced and can 
be dealt wisely for the development of next projects in hydropower sector in Pakistan.

Table 2. Challenges and solutions
Features Challenges Solutions

Stakeholders’
Engagement/Community 
Consultations

Coordination with local 
communities, land owners 
and government agencies

Coordination/consultation with the affected 
communities at every stage of Project development to 
avoid unnecessary conflicts along with the close 
coordination with the local administration.
Development of proper consultation/stakeholders’ 
engagement plan during the development of the 
Project.

Baseline studies Proper baseline studies for 
all basic environmental and 
social features to avoid 
false claims and conflicts 

Detailed baseline studies for fish, vegetation, 
landscape, 100% census of affected land/house 
owners, condition of access roads, public utility 
facilities and pre-blast surveys.

Human Resources Policy Awareness of workers for 
their rights

Provision of workers’ rights in appointment letters 
with translation in local language to avoid 
unnecessary hustle and stoppage of works. 

Working relationships Cross- Cultural 
issues/communication gap

Capable local coordinators should be engaged for 
regular communication which will help in minimizing 
gaps and issues.

Working conditions & 
Terms of employment

Awareness of workers 
regarding wages, benefits, 
working hours, overtime 
arrangement and its 
compensation

Regular consultation, training sessions, clarity in 
appointment letter regarding basic pay and overtime 
compensation

Non-discrimination & 
Equal opportunity

High expectations of locals 
on employment and sub-
contracting works

Transparency in hiring procedure, proper disclosure 
of opportunities

Grievance Mechanism Workers’ own conflicts on 
grievance committee, 
composition of Grievance 
Redress Committee (GRC), 
workers’ awareness for 
proper procedure of launch 
grievance/complaint

Three tier grievance mechanism (Sub-contractor, 
EPC Contractor, Sponsor), regular consultation of 
workers, delegation of power to choose workers’ 
representatives in GRC, regular meetings of GRC, 
proper documentation



Reviews and Conclusions 
The management measures adopted during the construction phase helped in minimizing the
impacts whether they were environmental or social. Being the first project, it took some time 
to understand the severity of the issues at initial stage but after very short time the team 
(Sponsors, Contractors and Supervisors) dealt with the issues efficiently.

Keeping in view the issues faced during the construction of Patrind Hydro Power Project,
relevant management measures were adopted for their mitigation. However, the challenges 
faced during the development can be treated as the roadmap for the development of other 
projects in the future. Proper plans and strategies suggested against the challenges faced in the 
above table can be developed at very early stage of the Project’s development in order to 
successfully implement the project with reduced development time and enhanced efficiency 
and quality.
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INTRODUCTION / MAIN METHODS 

Urban flooding has become one of the major concerns related to the water management inside 
the cities because the different damages they can cause to the human being such as diseases, 
economical losses, and a low life-quality. These floods are mainly caused by the increasing 
flowrates that the urban drainage systems must deal with, even they are characterized by an
widely-known lack of hydraulic capacity as a consequence of undersized networks, the 
increasing and not-controlled urbanization processes, and also the changing environmental 
conditions that has led to the Climate Change, whose major effects are related to the increase 
of the rainfall (Butler, 2004).  

In Colombia, the urban flooding has become an increasing concern to the water utilities and 
governmental entities because the enormous amount of money that must be assigned to solve 
flooding problems such as infrastructure renewal, and also to reduce the vulnerability of the 
urban areas, that in many cases are located near rivers and other water bodies (Bustos, 2017).
These exposure are maximized when Climate Change effects are taken into account into the 
equation.  

In response to the previous situation, the Sustainable Urban Drainage Systems, also known as 
SUDS, are becoming an effective way to control the mentioned adverse effects, besides the 
improvement of water quality, and also giving the drainage systems the possibility to gain 
more capacity in areas where they are completely out of it. Some examples of SUDS are 
green roofs, pervious concretes, infiltration trenches and different kinds of detention systems 
such as stormwater tanks, which are the focus of this research.

In order to analyze the response of the flooding volumes inside urban stormwater networks, 
there were selected 5 study cases in two of the main Colombian cities: Three located in 
Bogotá, and two located in Medellín. The designated areas were chosen based upon the 
operational knowledge of the rainwater systems, including aspects such the occurrence of 
urban flooding and their vulnerability due to the low slopes found in the studied areas. 

Finally, among the existing alternatives for minimizing the urban floods, the location of 
stormwater tanks was chosen in order to analyze the feasibility of implementing some of them 



into the selected study cases. To accomplish this objective, a methodology proposed within 
the research project “Urban Drainage and Climate Change: Towards the Sewerage Systems 
of the Future” developed by the Water Supply and Sewers Systems Research Center –
CIACUA was applied. This methodology is composed by two main aspects: The development 
of some rainfall scenarios that incorporate the influence of the Climate Change over it; and 
the application of two procedures that pursues the optimal location of stormwater tanks in an 
urban context (CIACUA, 2014).  

MAIN RESULTS AND CONCLUSIONS

Once the potential locations for the stormwater tanks have been selected considering those 
sites where the biggest floods have occurred, and also considering the available space for 
implementing these detention systems, the methodology was applied. After the rainfall 
scenarios under Climate Change has been obtained, and the corresponding runoff is
determined, the two mentioned procedures were applied in the 5 selected study cases. The 
obtained results are shown in Table 1.

Table 1. Results obtained for the minimization of urban floods within the study cases 

Study Case
Flooding Volume Under Climate

Change
[m3] 

Flooding Reduction -Best 
Scenario 

[%]

Storage 
Volume – Best 

Scenario
[m3] Hydraulic 

Control
Non-Hydraulic 

Control
Salazar Gómez 30,223.33 75.43% 45.19% 20,823

Cedro Narváez 20,533.39 75.82% 48.78% 15,568

Las Palmas 14,952.51 72.66% 34.63% 10,865

Laureles 861.09 82.72% 44.16% 718

La Esmeralda 30,793 43.7% 84% 71,575

La Ayurá 207.74 98.2% 99.28% 3,599

As shown before, as the flooding reduction rates are above the 70% in all the study cases, the 
feasibility of implementing these structures within urban drainage networks was proven for 
Colombian study cases. As part of the applied methodology, it is important to consider the 
effects of Climate Change in the estimation of the rainfall scenarios in order to prepare the 
urban systems to attenuate these adverse consequences such as floods. Related to the 
operation of the stormwater tanks, it was obtained that the use of a hydraulic control within 
the structures allows a better operation of the system rather than the ones without control.  
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INTRODUCTION / MAIN METHODS 
The sand bed in nature is a natural granular material consisting of fined rocks and mineral 
particles. And it has been used as the sand bed filters for water purification for a long time 
(Vohla 2011, Nassar 2013). In principle, macroporous space between sand particles may be 
used as filtering passage to separate large particulate solids from water. The filtration 
efficiency of sand filter depends on the size and geometry of the filter media that consist in 
the sand filter, which are usually quart sand, silica sang, fly ash, furnace slag and so on. If the 
size of sand is smaller, the finer filtration could be expected. However, many biological 
substances (e.g. algae, bacteria, viruses) and soluble chemical contaminants (e.g. arsenic, lead, 
and fluoride) cannot be filtered by the conventional filters due to their complex chemistry and 
extremely small sizes. Recently, advances in membrane science and technology have 
basically met the demands for water purification and diverse applications in biology, medical 
science, and nanoelectronics. In this study, inspired by the simple but highly efficient sand 
filter, we present a principle for filtration of nanoscale dimension, which consists of 
nanoparticles and anodic aluminum oxide (AAO) template. This AAO template has 
asymmetric pore structures where the sizes on one side are bigger (~200 nm) than those on 
the other side (~ 100 nm). This structure enables polystyrene nanoparticles with various sizes 
of 150 nm, 60 nm, and 24 nm to be confined, or embedded within the pores of the AAO 
template in sequence from biggest nanoparticles to smallest one. The nanoparticles in this 
study play an important role as the filtration or separation media in nanoscale. The cavities 
between nanoparticles build up efficient and small pathway networks, which are much smaller 
than the nanoparticle itself. Therefore, the cavities between the particles can be regarded as 
effective pores for filtration. Moreover, the nanoparticles have been functionalized, or 
electrically charged, with arginine/phenylalanine (RF) peptide group. In this way, filtration 
performance for charged particles or molecules, such as methyl blue, has been enhanced. Or 
in another word, the filtration for charged substances, which may be smaller than the cavities, 
is feasible. Accordingly, this study is expected to provide a new principle for fabrication of 
nano voids, or nanopores for filtration in nanoscale dimension. 

MAIN RESULTS AND CONCLUSIONS 
This study provides a new principle for fabrication of nano cavities, or voids using 
nanoparticles, in the similar way of sand bed. Polystyrene nanoparticles with various sizes of 



150, 60 and 24 nm have been embedded in the pores of the anodic aluminum oxide (AAO) 
template, which has bigger pores on top and smaller divided pores on bottom. So voids 
between the nanoparticles could be made in nano scale. These voids can be considered as 
effective pores for filtration or separation (Yoon 2015). By this method, a lot of nano voids 
could be fabricated on a large area (diameter of template : 25 mm) with a simple process as 
seen in Figure 1, which may be an important advantage for mass production in the future 
(Phuong 2016).  

Figure 1. Schematic of the nanoparticles embedded in AAO template (a) and SEM image of 
cross section of the template with the nanoparticles (b). 

Since overall size of the voids is expected to be much smaller than that of the nanoparticles, 
this principle is expected to have effective separation size of a few nanometers. And as long 
as the sizes of the nanoparticles are uniform, sizes of the voids could be quite uniform also. 
The particles are pretreated with carboxyl group, to be charged negatively. And we also 
treated the some of them with arginine/phenylalanine peptide ((RF)4), so that the particles 
could be electrically charged positively (Liberto 2013, Decandio 2015). By this way, the 
filtration device in this study could have separation characteristics of electric charge as well as 
size. In order to evaluate embedment of the nanoparticles, water flow was applied across the 
device and pressure drops were measured as seen in Figure 2. The pressure drops became 
higher as smaller nanoparticles were embedded, which means that smaller voids were made 
inside.  

Figure 2. Pressure drops across the nanoparticle (NP)-embedded AAO template for various 
flow rates. 

And separation experiments were also performed with electrically charged dye molecule, 
which is methylene blue (Figure 3). Experimental results have also shown that higher 



separation rate was achieved as smaller nanoparticles were used. And the effect of the surface 
charge on separation performance was also measured as seen in Figure 4. 

Figure 3. Separation experiment for methylene blue solution using the nanoparticle (NP)-
embedded AAO template with stirred cell (a) and comparison of the solution before 
and after the experiments (b). 

Figure 4. Results of separation experiments for methylene blue solution with negatively 
charged particles (PS-COOH) and positively charges particles (PS-COO-(RF)4). 

Positively charged nanoparticles have produced higher separation, or rejection, for positively 
charged methylene blue molecules. On the other hand, negatively charged nanoparticles have 
produced lower separation. These results show that filtration device in this study has both 
characteristics of size separation and charge separation. Consequently, this study is expected 
to provide a new principle for filtration or separation technology in nanoscale, which is also 
feasible for molecules, as well as the fabrication technology for nano voids or nanopores. And 
further study is under investigation by using smaller nanoparticles. By this way, the voids 
between the particles can be more smaller and it is expected that this principle can be applied 
for separation of smaller molecules. 
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INTRODUCTION

Human urine is the most important source of nitrogen (N), phosphorus (P) and potassium (K) 
in household wastewater. With a typical N/P/K nutrient ratio of 18:2:5, human excreta 
constitutes a valuable potential fertilizer for agriculture but, also, an important source of organic 
pollution of domestic wastewater. (Vinnerås et al. 2006). Based on these considerations, the 
first studies to remove and recycle urine nutrients initiated in the early 1990s (Kirchmann & 
Pettersson 1994). Since then, urine separation and recycling appears as a promising solution for 
a more sustainable wastewater management as well as an early answer to the increasing scarcity
of drinking water and mineral resources (e.g. phosphorus) depletion. 

The recent development of urine-diverting sanitary systems allows the collection of urine with 
a small quantity of water for subsequent application in arable land (Kvarnström, et al. 2006).
Some experiences already exist of local urine recovery in Europe (e.g. Sweden and the 
Netherlands) (Lienert & Larsen 2009; Münch et al. 2011). However, if urine contains only very 
few pathogens under a temperate climate, faecal cross-contamination constitutes a real risk of 
environmental transmission. Storage represents a possible way for urine hygienisation thus 
reducing the potential health risks from faecal pathogens. Among the main factors that influence 
the urine hygienisation process, storage time, total nitrogen, pH and temperature are the most 



relevant (Höglund 2001). 

An innovative urine-diverting sanitation system is currently under development by a Portuguese 
consortium. More attractive, from a commercial perspective, this system also allows to solve 
some issues inherent to the traditional systems such as mineral salts crystallization in the urine 
bowl. However, new challenges emerge from this system such as a higher risk of faecal cross-
contamination and a higher urine dilution rate. The present communication aims at presenting 
the first results of the urine collection and hygienisation process. 

METHODS
Urine effluent with a volume ratio urine:water of approximately 1:3 was collected under real
conditions of use and stored in 20 l plastic containers under three different storage temperature:
4 ºC, 23 ºC and 30 ºC. 

The following physicochemical parameters were measured at collection time (day 0) and 
regularly along the storage period: pH, urea, ammonium and total nitrogen contents, nitrate, 
nitrite, COD, total phosphorus, potassium, sulphate, sodium, magnesium, chloride and calcium. 
Simultaneously, several microbiological parameters were also monitored. The presence and 
levels of microorganisms used as indicators for faecal contamination and selected microbial
pathogens (total coliforms, faecal coliforms, Staphylococcus spp., Salmonella spp., enterococci 
and clostridia) were determined to evaluate the hygienic conditions and safety of samples using 
standards methods. 

RESULTS AND DISCUSSION
Results obtained during the first 30 days of storage regarding pH, urea, ammonia and total 
nitrogen content clearly showed that urine maturation process initiated shortly after collection
and continued throughout the storage time. Indeed, with different degrees of intensity according 
to the storage temperature, pH rapidly rose to 9.5 while urea was being decomposed into 
ammonia/ammonium (NH4

+/NH3) by the natural enzyme urease present in the urine.

As expected, the main microbial indicators contents exhibited a significant decrease within the 
first 30 days after collection. 

CONCLUSION
At this stage of our study, the first results clearly show that the urine dilution rate (1:3), inherent 
to our innovative dispositive, does not prevent to meet the required minimal nitrogen
concentration, allowing the maturation process to occur in the collected urine effluent. As
expected, storage temperature has proven to be an important factor for the maturation process. 
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INTRODUCTION / MAIN METHIODS 
Municipal wastewater (WW) is in most cases treated as a mixture of WW from toilets, 
kitchens and bathrooms in a central WW treatment plant without closing material flows. 
Treated water is discharged into water bodies without reuse and due to its richness with 
nutrients; it is causing eutrophication of water bodies and irreversibly deposition of 
phosphorus in sediments of stagnant waters. Increasing urbanization and growing pressure on 
water supply and food production is leading to the development of source separation 
technologies with black, grey and yellow water to enable water reuse and to obtain new 
fertilizers for food production. Objective of this paper is to evaluate the possibility of 
treatment of blackwater (BW) from source separation system with green microalgae Chlorella 
vulgaris with main focus on nutrient (phosphorous) recovery 

Material and Methods 
Lab-scale experiment consisted from four different tests of BW treatment (BW dilutions of 
10%, 20%, 30% and 50%) by using a strain of green microalgae C. vulgaris (obtained from 
AlgEn, algal technology centre, Slovenia). The experiment was conducted in order to evaluate 
the impact of BW concentrations on C. vulgaris growth and its capacity of nutrients and 
organic matter removal. Tests were performed in batch-mode by using 2 L Erlenmeyer flasks 
at temperature of 25±2 °C, irradiance of 5000-6000 LUX in 18/6 h light/dark intervals and 
magnetic stirrer mixing. Each test sample contained 20% of C. vulgaris inoculum and 80% of 
BW dilution. The BW was sampled in a pilot BW separation system with low water 
consumption vacuum toilets (JETSTM). COD, TN, N-NH4

+, P-PO4
3-, chlorophyll-a, dry 

weight and ash free weight of C. vulgaris inoculum and BW were measured every 24 hours 
for 14 days.

RESULTS AND DISCUSSION 
The concentrations of BW influenced a) the algae growth and b) the process of nutrient-
organic matter removal (Figure 1). Lower BW concentrations lead to lower C. vulgaris
growth yields and lower nutrient removal efficiencies after 14 days. Nitrogen was the nutrient 



preferred by C. vulgaris (removal efficiencies > 70%), while the removal efficiencies of 
phosphorous were lower (˂ 50%). 

Figure 1. Biomass growth of C. vulgaris, total nitrogen (TN) and orthophosphate (P-PO43-) removal in four 
different lab-scale tests with different blackwater (BW) concentrations.  

This study demonstrates that microalgae C. vulgaris can recover N and P from raw BW, 
which is a promising result for future research of BW reuse while gaining valuable algal 
biomass, however certain limitations such as e.g. light and nutrient ratio have to be taken into 
account. The kinetics of microalgae growth depends on the dilution of BW, which correlates 
with the colour of BW and light availability for microalgae. More diluted BW represents less 
extreme conditions for microalgae, nevertheless biomass growth was higher in more 
concentrated BW. The phosphorus removal rate can be optimised by the use of a mixed 
inoculum of activated sludge and C. vulgaris, and by the pre-treatment of BW with anaerobic 
fermentation. 
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INTRODUCTION
Source separating sanitation and subsequent recovery of nutrients are gaining an increasing 
popularity (Langergraber and Muellegger 2005; Larsen et al. 2009; Zeeman and Kujawa-
Roeleveld 2011). The major feature of source separation is that a majority of nutrients and 
organic matter is retained in the relatively high concentrated blackwater fraction (Todt et al. 
2015). This opens for the application of novel anaerobic treatment approaches having a high 
energy efficiency compared to traditional technologies. However, especially when heat 
disinfection is integrated to eliminate pathogens, energy efficiency of blackwater resource 
recovery becomes highly dependent on the concentration of its organic matter content 
(Zeeman and Kujawa-Roeleveld 2011). The latter is mainly determined by the flushing 
volume of the toilet (Todt et al. 2015).

This study was investigating the impact of flushing volume as well as toilet type on the 
energy balance of an anaerobic treatment approach. The energy balance considers a UASB 
reactor unit followed by a heat disinfection unit. Energy recovery from methane is calculated
for both a simple heat recovery via a gas burner and a more advanced conversion into heat 
and electricity in a gas turbine (Fig. 1). More details are given in Todt et al. (2016). 

Toilet
0.4-5 L flushing volume

0.9 - 11  m3 y-1

26 kg O2 COD y-1

15 °C

UASB reactor
60% of COD load 

CH4

disinfection

60-70 °C

(-810 KJ mol-1

UASB 35 °C

Figure 1. Processes and basic conditions applied for energy assessment of this study 



RESULTS AND CONCLUSIONS
The gross energy consumption was calculated for five types of toilets having different
flushing volumes (Tab. 1). Gravity toilets do not need energy but have with 2-5 liter a 
relatively high flushing volume. To obtain a lower flushing volume, a vacuum sewer system 
is needed giving a trade-off in an electrical energy consumption for blackwater transportation. 
A UASB needs both heat energy to reach an optimal process temperature and electrical 
energy for feeding that are both considered to be volume dependent. For disinfection an 
additional up-heating to 60-70 °C is needed which again requires accordingly additional heat 
energy.

Given the thermal physics of fluids, heat energy requirement is more or less linear dependent 
on the flushing volume (Tab. 1). Electrical energy requirement on the other hand is higher for
the lowest flushing volumes due to the additional energy consumption of the vacuum system.
The latter accounts for approximately 10 kWh y-1 per capita (Todt and Jenssen 2015) and is 
mainly depending on the number of pump starts or flushing events, respectively, rather than 
the flushing volume itself. Hence no significant difference in electrical consumption was 
found for the three vacuum-based toilet types.

Table 1. Energy consumption per capita (kWh y-1) at different toilet flushing volumes for 
vacuum sewer and anaerobic blackwater treatment including disinfection unit 

Toilet type, flushing volume heat requirement electricity 
requirement

Gravity standard, 5 L 703 19

Gravity low flush, 2 L 281 14

Vacuum standard, 1.2 L 169 22

Vacuum low flush, 0.6 L 94 21

Vacuum ultra-low flush, 0.4 L 59 21

Considering a typical CH4 conversion accounting for 60% of COD load for a UASB reactor 
(Zeeman and Kujawa-Roeleveld 2011) and burner efficiency of 80% of H combustion, 43 
kWh heat energy could be gained from the organic matter contained in the blackwater with a 
simple gas heating system. This accounts for 6-73% of the heat needed for operation of 
UASB and disinfection stage (Fig. 2). Applying a more advanced recovery would gain 16 
kWh y-1 electrical power and 27 kWh y-1 heat, considering the energy transformation 
efficiencies for a gas turbine reported by Kroiss and Svardal (2009). 

Fig. 2 indicate an exponential decrease of net heat consumption with decreasing flushing 
volume, while electrical energy consumption slightly increases due to the vacuum sewer. 
However, since 75-95% of the systems energy consumption is heat, reducing the flushing 
volume from 5 to 0.4 liter reduces the net energy requirement from 680 to 80 kWh y-1. As 
shown in Fig. 2, at the lowest flushing volume up to 80% of the energy needed to run the 
system can be recovered, increasing the energy efficiency and recovery potential of a 
blackwater treatment notably.
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Figure 2. Energy recovery potential in percentage of process energy consumption in 
dependency of flushing volume for a simple (heat only) and advanced (heat/electrical 
combined) recovery system 
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Introduction

Regulatory conditions (DEFRA, 2010) mean that small-scale wastewater treatment works 
(WwTW) in the UK are often less well understood than larger ones. There is a dearth of reliable 
data for systems receiving flows of less than 50m3 per day (~250 PE) and their ecological and 
health impacts may be underestimated. Variable loading rates and unpredictable hydraulic 
responses of decentralised systems means that existing knowledge cannot always be directly 
applied. This study seeks to address the data gap for decentralised WwTW in NE England and 
assess the stability of common technologies using typical and novel metrics. Specifically, the 
use of genetic markers often applied to microbial source tracking (MST) problems are 
employed as removal rate metrics.

Material and Methods

An assessment of 15 WwTW across NE England, including 12 small-scale and 3 larger 
reference sites has been carried out. Technologies include secondary filtration, activated sludge 
and package plants - rotating biological contactors (RBC) & High Performance Aerated Filters 
(HiPAF). Bi-monthly, manual composite samples of influent & effluent are being taken 
between October 2016 and October 2017. Analysis for sCOD, tCOD, ammonia, nitrite, nitrate, 
solids and culturable faecal indicators provides insight into treatment performance and stability. 
Abundance and removal of genetic markers for human-associated Bacteroides sp. (Green et al., 
2014), Enterococcus (Ahmed et al., 2008) and E.Coli (Chern et al., 2011; Gomi et al., 2014)
are explored as novel performance and health impact metrics.

Results and Discussion

Across all parameters, small works are less stable and generally produce poorer quality effluent.
There is a significant difference (p<0.01) between effluent quality from large and small works 
for all abiotic metrics except total suspended solids (TSS), suggesting the variance may result 
from microbial factors. The strongest trend of covariance is shown by TSS effluent quality, 
however, the ammonia concentration best demonstrates the difference between small and large 
works performance. Package plants show less variance between works of the same technology 
type. The removal rate of genetic markers appears to be greater at larger works with both 
technologies removing close to 100% of Bacteroides and E.Coli (>4 log removal average).
Whereas, there is greater variance between small-scale treatment technologies and the average 
removal rate is ~80% (3 log average; range 0.3 - 6 log removal). Further work on the behaviour 
of faecal markers at small works is warranted, particularly with the emergence of fresh-water 
MST applications. 
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Figure 1: sample locations by treatment works type and population. RBC = rotating biological contactor, 
AS = activated sludge, HiPAF = high rate aerated filter. Small is <250 population equivalent, large is ~10,000 
population equivalent.

Figure 2: Covariance of effluent concentrations displayed graphically. A = soluble COD. B = ammonia. C =
total suspended solids. D = total phosphorus.
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Small-scale wastewater treatment in drinking water sources 

protection area: A case study in China
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Abstract: Drinking water sources are particularly sensitive to pollution. In some 
catchment areas of drinking water source of China, the wastewater treatment plants 
(WWTP) effluent meeting Class 1A standards(CODCr mg/L, BOD5 mg/L, 
TN mg/L, NH3-N mg/L, TP mg/L), which is the most stringent discharge 
standards in China, could still lead to micropollution in drinking water supply, posing 
a risk to public health. Due to this circumstance, advanced treatment of wastewater with 
higher standards is required. However, most of these areas are economic low-
developed rural regions, the advanced wastewater treatment process selection is 
restricted by processing costs, post-maintenance and other factors. In this paper, a small 
WWTP located close to the drinking water source in South China with scale of 500 tons 
per day was selected as a study case. Several types of wastewater treatment technology 
were discussed and compared, including Anaerobic-Anoxic-Oxic technology (AAO), 
Biological Contact Oxidation technology, Constructed Wetland technology, Membrane 
Bio-Reactor technology and Biological Aerated Filter technology. A combined process 
of AAO- Functional Constructed Wetland -UV Disinfection, with a low cost of 
treatment and simple maintenance, was adopted after comparison of advantages and 
disadvantages according to the actual situations. The packing in the functional 
Constructed Wetland was an improved functional material, which could bring positive 
effects on denitrification and phosphorus removal. As demonstrated by the trail run, the 
effluent could satisfy the Class III requirement of the environmental quality standards 
for surface water (GB3838-2002), i.e. CODCr mg/L BOD5 mg/L, TN mg/L, 
NH3-N mg/L, TP mg/L. And the surface water in the region has been effectively 
protected by the project.

Keywords: drinking water source; Small-scale wastewater treatment; advanced 
treatment
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Abstract: In remote areas of developing countries, ensuring the access to safe drinking
water has been a challenge. The previous studies point out that the lack of safe drinking
water causes the negative impact on heath, livelihood, education opportunities. To tackle
these difficulties, the implementation of the community based water supply business is
considered to be one solution. This study assessed the impact of the community based
water supply business in remote areas of Tanzania, Bagamoyo. The Comparative analysis
was conducted to assess the impact on the health, the educational opportunities, the
livelihood opportunities and sustainability of the services in the villages of Matipwili and
Fukayosi. The result of this assessment highlights the positive impact on health,
educational opportunities, and livelihoods of the beneficiaries. The limited availability of
the water plant and inequality of the water fee were the challenges.  

Keywords: Remote areas, Water treatment, Sustainability, Livelihood,

INTRODUCTION
Water is essential for the human beings. Whilst water is imperative for the people in the
world, a number of people still have a difficulty in accessing the safe and sufficient potable 
water. In sub-Saharan Africa and Oceania, less than 50% of the population uses improved 
drinking water sources. Nowadays, 96 per cent of the global urban population uses improved 
drinking water sources, however, eight out of ten people still without improved drinking 
water sources live in rural areas. (Unicef, UN ,2015) There are 25 countries in Sub-Saharan
Africa in which the percentage point gap between use of improved drinking water in urban
and rural areas is more than 25%. In seven countries – Congo, Democratic Republic of
Congo, Ethiopia, Gabon, Niger, Sierra Leone and Somalia – it is more than 50%.(Unicef and
WHO 2011) In Tanzania, 54% of the total population have access to water supply whilst 55% 
of the population in rural areas are not covered by the water supply. (World Bank, 2015) 38% 
of schools in Tanzania do not have the water supply in the school premises. (Unicef, 2011) In
developing countries, water collection and hauling occupies large amounts of time and
energy. (Carter et al. 1999)  

A poor access to water supply, whatever the reason, is associated with significant health
risks.(Hunter et al 2010) In 2010, diarrhea disease was responsible for almost 9% of all deaths
of Tanzanian under five children just behind Malaria (11%) and pneumonia (15%) (Liu et al.
2012). In low income countries like Tanzania, it has been suggested that up to 88% of all the 
child diarrhea cases can be attributed to inadequate sanitation, unsafe water and or insufficient 

-  2008). 

In addition to the water and health challenges, many people around the globe including 
women, children, the elderly, indigenous peoples and people with disabilities have lower



levels of access to safe drinking water, hygiene or sanitation facilities than other groups. 
(WWAP 2015). Poor access to WASH at household sand schools negatively impact the
children’s education.(WaterAid 2013)In rural communities, a 50% of reduction in the time to
haul water could increase the girls attendance of the school by 7 percent on the average, with
stronger effects in rural communities. (Nauges et al. 2015) 

A lot of studies reported the positive impact of the water supply in alleviating poverty in
developing countries. Low density populated areas seem to suffer increased levels of WASH
poverty. (Garriga et al. ) In Tanzania, poorer households pay three times more for water as a 
proportion of their income.(Unicef 2011) With improved access to WASH, women have 
more time to undertake income-generating activities. (WaterAid 2013)  

The previous studies suggested the challenges in ensuring the sustainability of the water
supply services. The implementation of private sector service models is one of the three
potential solutions to the limited success of community-managed rural water supplies. 
(Harvey et al 2007) Better focus on implementation of rules by project staff, intermediaries,
contractors or NGOs will improve performance of the water supply project. (Travis et al.
2005) In terms of appropriate technology, sustainability has two meanings: environmentally 
sustainable and locally sustainable. To e locally sustainable, the technology need to be 
introduced and developed so that the local uses will be able to maintain, reproduce and repair
it after the outside designers have left the community. (Murphy et al. 2009) 

In 2004, a private Japanese company commenced the water supply business in remote areas
of Bagamoyo, Tanzania. The project provides the affordable safe water in a remote village of 
Matipwili. This study aims to examine the effectiveness of the water supply business model in
remote areas of Bagamoyo, Tanzania. In this study, the impact on the health, the educational 
opportunities, the livelihood opportunities and sustainability of the services are assessed in the 
villages of Matipwili and Fukayosi.  

MATERIALS AND METHODS

Materials
Project Overviews
In 2013, Japan International Cooperation Agency (hereafter JICA) introduced Small and
Medium-Sized Enterprise Partnership Promotion Survey on a trial basis. Under this
framework, one Japanese private company, “Poly-Glu Social Business Co., Ltd”, commenced
the community based water supply projects in Tanzania. In 2014, The Company decided to
expand the projects in four rural communities in Tanzania, in collaboration with JICA, the 
Government of Tanzania, and Tanzania Water and Environmental Sanitation (TWESA)
which is a countrywide local NGO. In 2014, the company started the installation of water
treatment plants in a rural village of Matipwili in Bagamoyo of Pwani Region, Tanzania. The
village of Matipwili has approximately 2,400 of population and the people in the village had
been relying on nearby river water before this project started.  

Affordable Flocculant.
is low cost flocculant which has rapid aggregation capacity. The main contents of 

the flocculant are natural calcium and poly-glutamic biodegradable acid. is the low 
cost technology which can purify 1,000 liters of water and it costs less than two USD.
Moreover, it can remove even arsenic which causes serious health problems around the world, 
especially in the areas where people are relying the drinking water on wells.



Equipment
All the equipment and items for this study, except for Ca, were locally purchased in
Tanzania. The main equipment for the water plant (“Fig.1”) consists of water tanks, pipes, 
hoses and engine pumps.(Table 1) In filtration tank, filter consists of four layers, from bottom, 
40 cm of charcoal, 10 cm of small stones, 10 cm of gravels and 60 cm of sands. Tough 
fabric divides each layer for easing maintenance.

Table 1. The equipment

Figure 1. The Plant in Matipwili Village

The construction cost for the small type of the plant was approximately USD 20,000. 
However, the construction cost can be flexibly reduced by simplifying the facilities and taking
an advantage of the geographical feature. In this project, the local purchase is the key to this
business in order to reduce the initial costs and ensure the spare parts are handed over after to
the local counterparts.  

The Business Establishment

In June 2014, the mayor of Bagamoyo district officially permitted to start this community 
water supply project. After the discussions with the community leaders of Matipwili, the 
questionnaire surveys were conducted to assess the demand for clean water and the purchase
power of community members. The sales price of water was settled after the consultation with
the community leaders of Matipwili. The ex-sales cost of water has been settled at 150 
Tanzania Shillings(0.07USD) for 20 liters of the treated water. The treated water is distributed
by water vendors to households. The transportation cost is added on the ex-store cost, for
example, the 20 liters of water costs 3,000 Shillings(1.33USD) in the community where 10 
km away from the water plant.  

Necessary Equipment/Items

- Agitation Tank (1MT X 2)

- Filtration Tank(2MT X 1)

- Storage Tank (3MT X 1)

- Engine Pump and Pipes

(Total Initial Cost) 
 Approximately 20,000USD 
*The cost can be reduced
by simplifying the facilities.



The operation staff of the plant 

The Matipwili water plant has eight staff members: one manager, three operators, two female
sales representatives for fee collection and two security guards. The technical support and
regular monitoring have been conducted by Tanzanian NGO(TWESA) when needed. The
transportation of the treated water is operated by local water vendors. The water vendors 
convey the water by bicycles, motorbikes.   

Methods

Study Design

The study will be cross-sectional design that employs both quantitative and qualitative
research methods (FGD, key informant interviews, and in-depth interviews, and health facility
survey). Health facility data relating with waterborne diseases will be collected for the
previous one year before the survey. The study will compare intervention (Matipwili) and
control villages in terms of quality of water supply, water borne diseases and livelihood. The
village of Fukayosi was chosen as the control village since the population size was close to
the intervention village.

Table 2. Sample Size

VVariablee IIntervention  VVillages CControl  VVillages TTotal

Focus Group Discussions 3 3 6

In-depth Interviews 15 15 30

Health facility to be surveyed 1 1 2

Data Collection

This study employed various approaches and data sources to address the above mentioned 
objectives. Qualitative data collection techniques were used to gather all the necessary
information. Questionnaires which will include both open and closed ended questions were
used at all levels of data collection. Health information was collected by visiting to health
facilities in Bagamoyo district. Improvement of access for educational and livelihood 
opportunities were assessed.The FGD were conducted in place convenient to participants. The
moderator first introduced all participants, explained the general topic for discussion and how 
to contribute during the discussion, before asked for their consent. The moderator led the 
discussion while the note taker took notes. The FGDs were recorded using an MP3 voice 
recorder, after gaining permission. After the FGD, the note-taker and the moderator reviewed
their hand written notes.  

Field Visits

The authors visited Tanzania in June and December 2014, and February 2016. We monitored 
the site selection and construction process of the water treatment plants in the study area. Key
informants interviews were conducted during the field visits.  



Ethical Considerations and Clearance 

The study received the ethical approvals from ethics committees of Ifakara Health Institute
and National Institute for Medical Research in Tanzania.

RESULTS AND DISCUSSION

Results
Impact on Health

Table 3 shows the monthly and annual number of patients for water borne diseases in
intervention villages.  

Table 3. Annual Number of waterborne diseases in Matipwili

In the year 2014 there was a great number of patients with urinary tract Infection (UTI)
followed by diarrhoea and schistomiasis. There was no number reported on typhoid and
cholera. However in 2015 after start of the water treatment plant, the number of patients in
three mentioned diseases was reduced. Despite declining of trend of waterborne disease in
2015, as compared to 2014 (“Fig. 2”), yet UTI was still leading as major waterborne problem, 
followed by diarrhoea in the intervention area. There was no number reported for typhoid and
cholera. However, when compared the two years, the later had lower number of patients in all
disease.

Figure 2. Trend of waterborne diseases in Matipwili



Impact on the Learning Opportunities 

School children have reported to attend class regularly with clean uniforms. Specifically for
intervention village, this is more seen to communities living closer to water treatment plants. 
The school children’s uniform and general cleanness of the pupils living closer to sources of
water, were much better as compared to those living far away from sources of water.
Furthermore, the project has simplified the task of children fetching water from river, as when
the back from school they go on water tap to tale water, and go back to school.  

Impact on the Livelihoods 

More than a half of respondents in each FGDs group and individual in depth interviews were
reported to have been benefited with water projects. Specifically for Intervention village,
availability of water project has helped community to get enough time to engage in livelihood 
activities such petty business which includes frying fishes, growing and selling of green
vegetables, baking, chicken and bee keeping, aquaculture. Other activities in including 
farming, fishing and casual labour such as mud house building.  
The Business Situation

“Fig.4” presents the increase of water sales amount (litre) at water plants in Matipwili plant 
from Sept.2014 to Oct. 2015. As of July 2016, the water plant was handed over to the local
community. Since then, the Matipwili village has been operating the water plant.   

Fig. 4 The amount of water sales amount (Litre)

Discussion

This study assessed the impact of the community based water supply business in remote areas
of Tanzania, Bagamoyo. The result of this assessment revealed the positive impact on health,
educational opportunities, and livelihoods of the beneficiaries. The limited availability of the 
water plant and inequality of the water fee were the challenges of this business. The limitation
of this study is the limited availability of the health data of the target populations. In addition, 
the regular biological analysis of the supplied water should be conducted at the plant and
households.  
Implications

Given the water plant was installed in the remote areas of Bagamoyo, where the populations 
were scattered in the wide geographic areas, the water treatment plant showed its adaptability
to the low density areas in the developing countries. Therefore, application of this service
model to the humanitarian response to the slow onset disasters, such as population 
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movements, floods, epidemics (cholera), should be considered. In addition to the adaptability
to the geographical settings, this water supply business model showed its sustainability in
terms of the local purchase of the equipment and the job creation of the plant staff and water
vendors. Furthermore, this study presented that this business model can also be applied in
urban settings of many African countries, where the access for the clean and safe water is
difficult.

Further studies

Currently, this water supply business has been expanded in several places of Tanzania.
Comparative study on the success factors of the business is valuable to identify the 
appropriate site selection. To improve the inequality of the water fee by the distance from the 
water plant, the management of the water transporters is important. In addition, the quality 
control in the whole distribution process from the plant to the household storage should be 
studied including the microbiological study.

CONCLUSIONS
This study assessed the impact of the community based water supply business in remote areas
of Bagamoyo, Tanzania. The positive impact was seen in health, education opportunities, 
livelihood activities in the target community. Whilst the water business performed its business 
sustainability, the inequality of the water cost, which caused by the distance from the water
plant was identified as a challenge.  
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INTRODUCTION / MAIN METHIODS 
The aim of this work was to investigate the effect of pH on the removal of bacterial indicator 
organisms in a WSP operated in a temperate climate. Disinfection efficiency in WSPs is 
strongly influenced by environmental factors, as the treatment in a WSP is dependent on 
natural purification. Environmental factors, such as pH, dissolved oxygen (DO), temperature 
and sunlight intensity play an important role in pathogen removal. High pH levels (pH >9) 
have been recognized in the literature as a critical mechanism for pathogen inactivation in 
WSPs. A neutral to slightly acidic pH (between 6.5 and 7.5) is optimal for fecal bacteria 
growth, while pH levels above 9 are effective in indicator organism removal (Davies-Colley 
et al., 2000; Awuah, 2006; Ansa et al., 2011, 2012). Escherichia coli (E. coli), fecal coliforms 
and total coliforms are the most commonly used pathogenic indicator organisms, however, 
concerns with respect to their limitation and accuracy have recently been reported, and 
potential strategies to overcome some of these have been proposed (Bouhoum et al. 2000; 
Betancourt and Rose 2004; Coulon et al. 2010). In this study, Enterococci and Clostridium 
Perfringens were selected, in addition to conventional indicator organisms, to investigate the 
effects of environmental factors on the inactivation of a variety of microorganisms. 

The WSP system investigated in this study is located on the north shore of Lake Ontario
(Canada). Samples were collected from the inlet to the pond system. Algae samples were 
cultivated in Bold's Basal Medium (BBM) for 6 days, and pH and DO values were recorded. 
The culture and enumeration of indicator organisms were carried out using the membrane 
filtration method according to the Standard Methods for the Examination of Water and 
Wastewater (APHA, 2005). The plates were cultured at temperatures of 37ºC (E. coli, fecal 
coliforms, total coliforms and Enterococci) and 44ºC (Clostridium Perfringens) for 24 hrs. 
Five pH levels (4, 7.5, 8.5, 9.5 and 10.5) were investigated. pH in wastewater samples was 
adjusted accordingly using 1 N sodium hydroxide or 1 N hydrochloric acid. 

MAIN RESULTS AND CONCLUSIONS
Two species of macroalgae were found in the WSP during the summer sampling season of 
2016; water net (Hydrodictyon) and filamentous (Spirogyra) algae. Algal growth showed 
strong positive correlations with pH and DO in laboratory experiments (spearman’s 
coefficient of 0.82) (Figure 1). E. coli decayed faster under pH levels of 10.5 and pH 4 in 
comparison to other pH conditions tested. Total coliforms showed an increase in mortality 
with increasing pH from 8.5 to 10.5. Enterococci responded differently to basic condition 
than E. coli and total coliforms as their mortality was lower under acidic condition than basic 



condition. Clostridium perfringens are spore-forming bacteria that are more resistant to 
environmental stresses. They can survive and even grow under extreme pH conditions (pH 4 
and pH 10.5). This study confirmed that traditional indicator organisms, E. coli and total 
coliforms offer some limitations in their ability to represent an overall level of pathogens in 
treated wastewater. It would be recommended that additional indicator organisms, such as 
Enterococci and Clostridium Perfringens be considered in regular disinfection monitoring 
programs and included in discharge regulation.  

Figure 1. DO and pH changes as a function of macroalgae ((a): Spirogyra, (b): Hydrodictyon)
in BBM with a starting pH of 6.

Figure 2. The effect of different pH levels on the mortalities of E. coli (a), total coliforms (b), 
Enterococci (c) and Clostridium perfringens (d).

(a) (b)

(a) (b)

(c) (d)



REFERENCES
Ansa E. D. O., Lubberding H.J., Ampofo J. A. & Gijzen H. J. 2011 The role of algae in the 

removal of Escherichia coli in a tropical eutrophic lake. Ecol. Eng. 37 (2011), 317-324. 

Ansa E. D. O., Lubberding H. J., Ampofo J. A., Amegbe G. B. & Gijzen H. J. 2012 
Attachment of faecal coliform and macro-invertebrate activity in the removal of faecal 
coliform in domestic wastewater treatment pond systems. Ecol. Eng. 42 (2012), 35-41. 

Awuah E. 2006 Pathogen removal mechanisms in waste stabilisation ponds. PhD thesis, 
Wageningen University/UNESCO-IHE Institute for Water Education, The Netherlands.

Betancourt W. Q. & Rose J. B. 2004 Drinking water treatment processes for removal of 
Cryptosporidium and Giardia. Veterinary Parasitology 126 (1-2), 219-234. 

Bouhoum K., Amahmid O. & Asmama S. 2000 Occurrence and removal of protozoan cysts 
and helminth eggs in waste stabilisation ponds in Marrakech. Water Sci Technol 42(10 
11):159–164. 

Coulon C., Collignon A., McDonnell G. & Thomas V. 2010 Resistance of Acanthamoeba 
spp. cysts to disinfection treatments used in healthcare settings. J. Clin. Microbiol. 48,
2689–2697.

Davies-Colley R. J., Donnison A. M. & Speed D. J. 2000 Towards a mechanistic 
understanding of pond disinfection. Water Sci. Technol. 42, 149 - 158. 

Standard Methods for the Examination of Water and Wastewater 2005, American Public 
Health Association/American Water Works Association/Water Environment Federation, 
Washington DC, USA. 



The IWA S2Small2017 Conference on Small Water & Wastewater Systems and Resources Oriented Sanitation

Treatment performances of a pilot-scale free water surface

constructed wetland system for secondary effluents

Jin, M.1, Champagne, P. 1,2, Hall, G.1
1 Civil Engineering, Queen’s University, Kingston, ON, Canada
2 Chemical Engineering, Queen’s University, Kingston, ON, Canada

Keywords: Wastewater Stabilization Ponds (WSPs); Constructed Wetlands (CWs); Free Water Surface (FWS);

Peat; Algal bloom;

Introduction

Wastewater Stabilization Ponds (WSPs) represent a simple yet effective wastewater treatment 
technology, which a number of small, remote and rural municipalities in North America have 
adopted as low cost, energy and maintenance facilities for wastewater treatment. However, 
certain climate and environment conditions could raise concerns with respect to WSP as algal 
blooms can frequently occur under elevated temperature and strong solar radiation conditions 
prevalent during the summer season, resulting in high pH effluent that cannot meet regulatory 
wastewater effluent discharge criteria (Kayombo et al., 2002).  

Constructed Wetlands (CWs), on the other hand, have been demonstrated to be reliable 
alternative wastewater treatment approaches that can be applied to treat various wastewater 
sources. They rely on natural processes to assist in treating the wastewaters, and requires very 
low or no energy input, which made them ideal for small communities (Vymazal, 2010). 

Amherstview Water Pollution Control Plant (WPCP), located in Amherstview, Ontario, 
Canada (44°14’N, 76°39’W) employs an effluent polishing and storage lagoons system for
the treatment of secondary wastewater effluent, and the system periodically suffers algal 
blooms during the summer season. A previous bench-scale study (Jin et al., 2017) was 
conducted to evaluate different substrates in the laboratory in order to select the most suitable 
substrates for the pilot-scale CW. Therefore, the aim of this study was a) develop a pilot-scale 
CW to remediate the high pH effluent; and, b) evaluate the performance of three different 
substrates that could be applied in the full-scale CW. 

Material and Methods

The pilot-scale Free Water Surface (FWS) CW was initially designed in 2014, and the 
construction was completed in June 2016. The schematic design of the wetland is illustrated 
in Fig. 1. It consists of four different treatment trains (three open-water connections and one 
berm connection), and each treatment train contains three treatment cells in series. Three 
different substrates were applied in this wetland including topsoil, de-watered sludge, and
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peat. Typha latifolia was transplanted from a local natural wetland as sole vegetation in this 
CW, although colonization by other native vegetation is anticipated as the system matures. 
The FWS CW was operational in September 2016, and the system monitoring was initiated in 
March 2017.  

Wastewater samples are collected weekly from 15 sampling points along the CW (sampling 
points shown in Fig. 1) at the wastewater treatment facility at the Amherstview WPCP. pH, 
temperature, Oxidation-Reduction Potential (ORP), Chlorophyll a (Chl-a) are measured 
on-site by Hydrolab DS5 multiparameter data sonde, while wastewater quality samples are 
collected, stored at 4°C and brought back to the laboratory at Queen’s University for water 
quality analysis, including COD, total nitrogen (TN), total phosphorous (TP), ammonium, 
nitrate, nitrite, alkalinity (APHA, 2005). 

Figure 1. Schematic Design of the Pilot-Scale Free Water Surface Constructed Wetland

Preliminary Findings

Initial monitoring has shown that the treatment trains with peat were able to attenuate the pH 
level from an average 8.2 to 7.0 without dense vegetation in the first month. It is anticipated 
that as the system matures, system pH will be maintained at the range from 6.5 to 8 without 
human interference. The interaction between microorganisms, plants and substrates within 
CW will be able to further remove organic matters and nutrients from the secondary effluent. 
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ABSTRACT

Water is considered to be the most precious and important of all natural resources. 

Groundwater plays a vital role in most of rural areas in South Africa especially for rural water

supply due to insufficient pipe borne water supply. Salinity is regarded as one of the major 

contributor to water pollution, not only in rural areas but throughout South Africa. The aim 

of the study was to assess the quality of groundwater at Ha-Tshivhase villages. The 

investigation of ground water quality involved analysis of physical water quality parameters 

such as pH, Electrical Conductivity, turbidity, salinity and Geo-statistical Analysis. Water 

samples were collected from seven different boreholes for the period of four months, pH, 

EC and TDS meter were used to measure the physical parameters and turbidity was 

measured using a turbidity meter. The results shows that pH values for the boreholes 

ranged between 6.61 and 8.26, showing that all the boreholes were slightly acidic to 

alkaline. The EC of the boreholes ranged from 947 μs/cm to 2350 μs/cm, the concentrations 

of EC were found to be above the recommended standard for water quality. Turbidity of all 

the boreholes was found to be within the range of 1-5 NTU indicating that the turbidity of all 

the boreholes were within required standard. Lastly,  the TDS of the sampled water was  

ranging  from 660 mg/l to 1790 mg/l  and the salinity were ranging  from 465 ppm to 1120 

ppm, both TDS and salinity were found to  be higher as compared the recommended 

standard by DWAF.

Keywords: groundwater, pH, electrical conductivity and turbidity



Introduction 

The investigation was conducted in the following villages: Tshikombani, Milaboni, Tshirenzheni, 
Mudunungu and Dopeni village, which form part of Ha-Tshivhasa area in Thulamela Local
Municipality of Vhembe District in the Limpopo Province in South Africa. Ha-Tshivhase areas are 
situated in the western part of Thohoyandou Central Business District (CBD). Ha-Tshivhase areas 
drain water from several number of boreholes along the villages and also from dams around the 
area (see Figure 1).  According to Loxton, et al., (1969) Ha-Tshivhase areas are underlain by 
Precambrian basalts of the Sibasa Formation of the Soutpansberg Group to the north and 
leucocratic biotite gneiss, leucocratic granite and pegmatite, grey biotite gneiss and migmatite of 
the Sand River Gneiss of the Central Zone of the Limpopo Belt to the south.

Figure 1: Vhembe district municipality map (Vhembe municipality, 2013).

Previous studies on ground water quality 

Groundwater is the water stored underground in rock fractures and pores that lay beneath the 
surface of the earth (AWA, 2007). Freeze and Cherry (1979) outlined that groundwater is
considered to be the subsurface water that occurs beneath the water tables in soils and geologic 
formations that are fully saturated. The principal source of groundwater is meteoric water 
(precipitation from rain, snow and hail), juvenile water and connate water (Gleick, 1993).  
According to Chapman (1996) and BGS, (2001); groundwater is the most important component 
of the hydrological cycle, an important source of potable water in Africa and constitutes about two 
thirds of the freshwater resources of the world.



Sirila et al. (2010), pointed out that water aquifers are large in extent (1-10km) and have variations 
in physical and chemical properties at small scale (1-100m). This can cause a challenge in 
expecting transport from potential leakage source to the receptor. Transport of contaminants in 
soil is a major problem for different flow scales, from the fractured rocks to large underground 
aquifers (Hammon, 2011). The rate, residence time and direction of groundwater flow, the 
movement of micro- organism pathogenic bacteria and viruses depends on the size of the pores 
on reactions within media, on the amount of food available and on their life span which affects its 
quality (Sanden, 1986; Vladimir, 2003).  Deep consolidated formations are characterized by slow 
groundwater movement, long residence time, ample opportunity for dissolution of minerals and 
therefore often poor natural water quality. These formations are confines under thick sequence of 
low permeability clays and are less vulnerable to anthropogenic influences (Chapman, 1996). 

The quality of drinking water is typically determined by monitoring microbial presence especially 
faecal coliform bacteria, and physico- chemical properties (Gray, 1994 and USEPA, 1990). Faecal 
population assessment in water can be achieved by determining the number of faecal coliform 
that are present in the water sample.

Based on DWAF, 1996, Kempster et al., 1997 and WHO, 2004, the water monitoring parameters 
are used to determine if the water is suitable for human consumption, recreation and other 
purposes such as agricultural use. Human activities such as agricultural activities, including
fertilizing the soil and septic systems are the potential sources of groundwater pollution (Lyle and 
Raymond, 1998; Todd and Mays, 2005). According to McDonald and Kay, 1986, the analysis of 
physical parameters of ground water such as Turbidity, temperature, Total Dissolved Solids, odor 
and taste are the most important physical properties of groundwater in relation to its quality.

Methodology

The groundwater quality properties such as pH, Electrical Conductivity (EC), Turbidity, 
temperature, TDS and salinity were measured in the field. The pH was measured using the pH 
meter, turbidity was measured using an electronic turbidity meter, while the electrical conductivity 
and temperature of the groundwater were determined using conductivity meter.  

pH 

The pH of the water samples was measured by a digital pH meter. The measurements of the pH 
of the water were carried in the field and also in the laboratory. In the field, the pH meter electrodes 
were rinsed properly with distilled water after calibration. Then the glass electrodes were dipped 
into the beaker containing the water sample and it wasstirred until the reading was stabilized at a 
certain point. At the laboratory, the samples were also measured, all the samples were measured 
in triplicate and the mean value were estimated. 

EC

The measurements of the EC of the water sample were carried in the field and also in the 
laboratory. At the field, the conductivity meter electrode was rinsed properly with distilled water 
after calibration. In the laboratory, the samples were measured in triplicate and the mean value 
were estimated.

Turbidity 



A clean dry beaker was rinsed three times with the water sample to be tested. The beaker was 
filled with the water sample to be analyzed and then covered with light shield cap. The outer 
surface of the beaker was wiped dry with a clean tissue paper. It was then pushed firmly into the 
optical well and the lid closed. The NTU values were measured by pressing and releasing the 
arrow and the value were recorded after the display has stopped flashing the turbidity meter.

TDS and Salinity

The TDS and salinity of the water sample were measured using a mutliprobe that is used to 
measure TDS and salinity (Exstik/ Extech instrument). The measurements of the TDS and salinity 
of the water were carried in the field and also at the laboratory. At the field, the TDS and salinity 
Exstik is rinsed properly with distilled water after calibration. At the laboratory, the sample were 
also measured in triplicate and the mean value were estimated.

Geo-statistical Analysis

All spatial data were analyzed in ArcGIS 10.2 software using ArcMap program. The spatial 
interpolation of water quality parameters employed in this study is the Inverse Distance Weighting 
(IDW) embedded in the Spatial Analyst extension. The IDW is a default method to generate a 
surface when attribute values are available at sample locations. IDW method is intended to modify 
the weights with information derived from the empirical data. 

Data collection 

Samples were collected once a month for a period of four months (that is from October 2015 to 
January 2016). Field measurements of pH, EC, TDS, and turbidity was measured using standard 
methods of analysis as prescribed by South African National Standards (SANS 241, 2006). A 
GPS will be used to locate the coordinates of the boreholes in the study area.

Results of the physical parameters of the groundwater in the study area

pH

According to DWAF, 1996, pH is a measure of the hydrogen ion H+ within water. The pH of the 
water affects the solubility and availability of nutrients, and how they can be utilized by aquatic 
organisms. Chapman and Kimstach, 1996, pointed out that the acidity of groundwater is due to 
the presence of organic acids in the soil as well as those of atmospheric origin infiltrated to the 
water. The pH status of water is one of the most common parameter that need to be identified in 
order to understand the water quality of certain area, however according to DWAF standards of 
1998, a minimum pH value of 6.5 to a maximum value of 8.5 is accepted, any values less or more 
than the recommended standard is required to be dangerous and toxic to use for domestic 
purpose. 

The results from the study areas shows that 6.61 pH values was measured as the lowest of all 
boreholes while 8.26 pH values was measured to be the highest of all the boreholes. The results 
of the pH test is clearly illustrated by Figure 2, wherein red solid line indicate both maximum and 
minimum pH values recommended according DWAF standards. Looking at pH test of all the 
boreholes, it was then concluded that groundwater within these areas  consist of pH values that 
are within the recommended standard, but that would not conclude the quality of water since there 
more parameters to be analyzed in order to conclude.



Figure 2: pH values for the boreholes in Ha-Tshivhase areas

During the four months of the investigation, spatial variation of the pH was carried out using 
ArcGIS 10.2 software. However, the spatial variation results were found to be similar to the results 
obtain using   physical parameters (see Figure 3a-3d). Figure 3a-3d, illustrate results collected 
from the spatial variation of the pH within the seven boreholes in HA-Tshivhase areas. It was 
found that the pH values were ranging from minimum of 7.13 to the maximum of 8.26.  

Figure 3 (a): Spatial variations for pH in the month of October 2015, (b) spatial variation for pH in 
the months of November 2015

Oct Nov Dec Jan
HHB 1 7,34 7,05 7,23 7,02
HHB 2 7,55 7,04 7,15 6,95
HHB 3 7,13 6,88 6,97 7,08
HHB 4 7,59 7,82 7,84 7,9
HHB 5 8,26 6,61 6,67 6,97
HHB 6 8 7,03 7,26 6,74
HHB 7 7,55 7,12 6,84 7,05
Minimum 6,5 6,5 6,5 6,5
Maximum 8,5 8,5 8,5 8,5
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Figure 3 (c): Spatial variations of pH in the month of December 2016, (d) spatial variations of pH 
in the months of January 2016.

Electrical Conductivity 

Electrical conductivity (EC) is a measure of the ability of water to conduct an electrical current 
measured in μS/cm , this ability is a result of the presence of certain ions in water such as 
carbonate, bicarbonate, chloride, sulphate, nitrate, sodium, potassium, calcium and magnesium, 
all of which carry an electrical charge (DWAF, 1996a). If the electrical conductivity of water is high 
it indicates a high concentration of ions which then determines if such water is drinkable or not 
(Bruvold and Ongerth, 1969). The electrical conductivity of water depends on the water 
temperature: the higher the temperature, the higher the electrical conductivity would be (Cassidy 
et al., 2001).

The electric conductivity of the groundwater of the study area was also analyzed and the results 
are illustrated in Figure 2, the EC values was found to  range from 945 μS/cm to 2350 μS/cm. the 
EC values of the study area were found to higher as compared to recommended standard of < 
700 μs/cm by DWAF (1998).  Figure 4 shows that the EC values were above the recommended 
standard throughout the four months (October 2015 to January 2016). 



Figure 4: EC values for the boreholes in Ha-Tshivhase areas

The Electrical Conductivity of water is used as an indicator of how salt free or ion free the water 
sample is, the purer the water the lower the Electrical conductivity and the higher the resistivity.  
The spatial variation of the EC of the all the boreholes was also assessed, the EC different
boreholes were found to be higher in different months as compared to the recommended standard 
of EC level by DWAF (see Figure 5a-5d). 

Figure 5(a): Spatial variation of EC in October 2015, (b) spatial variation of EC in November 2015.

Oct Nov Dec Jan
HHB 1 1385 1387 1281 1336
HHB 2 2350 2340 2002 2210
HHB 3 1554 1535 1379 1426
HHB 4 1830 1158 1014 947
HHB 5 1191 1848 1745 1631
HHB 6 1662 1723 1673 1765
HHB7 1619 1584 1638 1604
Maximum 700 700 700 700
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Figure 5(c): Spatial variations of EC in December 2015, (d) spatial variation of EC in January
2016.

Salinity

Salinity of water samples is related to TDS concentration or electrical conductivity (Conrad et al.
1999). The occurrence of salinity in water and soil can be divided in two groups: primary salinity, 
where increase in salinity have occurred solely through natural processes; and secondary or 
induced salinity, where increase in salinity  have occurred due to land use changes made by 
human activities (Smithson and Acworth, 2005; Omami, 2005). Salinity values of the study area 
was found to be ranging from 465ppm to 1120 ppm, however borehole HHB 4 was found to be
within the recommended drinking guideline of less than 600ppm, while other boreholes (HHB 1, 
HHB 2, HHB 3, HHB 5, HHB 6 and HHB 7) were found to be exceeding the recommended 
maximum value according to DWAF guideline (see Figure 6). Durowoju, 2015, pointed out that 
the fluctuation in salinity value of water samples could be possibly be influenced by the high 
temperature leading to more dissolution of minerals in groundwater. 

Figure 6: Salinity values for the borehole in Ha-Tshivhase areas

Oct Nov Dec Jan
HHB 1 588 664 732 680
HHB 2 1100 1020 1070 1120
HHB 3 628 726 732 701
HHB 4 597 537 481 465
HHB 5 547 829 869 815
HHB 6 646 824 821 891
HHB 7 731 793 803 774
Maximum 600 600 600 600
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Figures 7 (a – d) shows the spatial variations of salinity in the study, in October 2015 most of the 
boreholes were associated with low to moderate salinity level as compared to recommended 
salinity values, however as the analysis progress from October to January there was an increase 
in salinity level (see Figure 7a-7d).  High salinity in water can also be influence by high
concentration of ions and dissolved minerals in the water. Salinity can occur naturally when 
drainage is poor or in areas with low rainfall and high evaporation, in this case the study area 
receives low rainfall. 

Figure 7 (a): Spatial variations of salinity in October 2015, (b) spatial variation in November 2015.

Figure 7 (c) Spatial variations of Salinity in November 2016, (d) spatial variation of salinity in 
January 2016.

Total Dissolved Solids (TDS)

Total Dissolved Solids (TDS) is defined as the concentration of all dissolved minerals in the water 
(Agbaire and Oyibo, 2009). TDS in groundwater are due to minerals from acids produced as 
byproducts of the degradation process, hence TDS is a geochemical parameter that closely links 
the bulk conductivity to microbial degradation of hydrocarbon (Atekwanna et al., 2004). TDS can 
be measured by automated meters or the gravimetrical method. The TDS is directly proportional
to the EC of water. Since EC is much easier to measure than TDS, it is routinely used as an 
estimate of the TDS concentration (DWAF, 1996b).

Figure 4.3 indicates TDS of the samples for four months from October 2015 to January 2016, the 
TDS values found to range from 701 mg/l to 1790 mg/l. according to DWAF standards of 1998, 
the maximum recommended that for TDS is 1000 mg/l.  Looking at Figure 8, it is clearly shown 
that most of the boreholes were found to have high TDS values as compared to DWAF standards, 



although the TDS at HHB1 was found to comply but in average the boreholes within the study 
area was consist of high TDS. 

Figure 8: TDS values for the borehole in Ha-Tshivhase areas

Turbidity

Turbidity is the measure of clarity in water, turbidity is measured using Nephelometric Turbidity 
Units (NTU) (Water Quality Monitoring, 1996). Turbidity which can make water appear cloudy or 
muddy, is caused by the presence of suspended and dissolved matter, such as clay, silt, finely 
divided organic matter, plankton and other microscopic organisms, organic acids and dyes (ASTM 
International, 2003). The colour of water, whether resulting from dissolved compounds or 
suspended particles can affect a turbidity measurements.

Figure 4.4: shows the turbidity values found for the boreholes in Ha-Tshivhasa areas. The turbidity 
values was found to range from 0.01 NTU to 0.57 NTU (see Figure 9). However, the turbidity of 
the study area was found to be acceptable since it was within the recommended turbidity by 
DWAF, which ranged from 1-5 NTU. Boreholes HHB 1-HHB7 in October 2015 were found to 
contain turbidity values that range from 0.01NTU to 0.09NTU, in November 2015 boreholes were 
found to have a turbidity values that ranged from 0.01NTU to 0.15NTU, in December 2015 the 
turbidity of the investigated boreholes were found to range from 0.33NTU to 0.57NTU and lastly 
in January 2016 the turbidity values of the investigated boreholes were found to range from 
0.2NTU To 0.4NTU. 

Based on the results found, it was clearly shown that the turbidity of the study area in December 
2015 was relatively higher as compared to other months, although it was higher; it was considered 
to be less as per recommended values by DWAF. However these clearly tells us that the 
groundwater within the study area was containing less microbiological contamination.

Oct Nov Dec Jan
HHB 1 966 982 905 958
HHB 2 1630 1790 1420 1520
HHB 3 1080 1078 975 987
HHB 4 1271 812 701 660
HHB 5 828 1289 1215 1138
HHB 6 1157 1194 1183 1248
HHB 7 1123 1096 1057 1170
Maximum 1000 1000 1000 1000
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Figure 10: Turbidity values for the borehole in Ha-Tshivhase areas 

Discussion       

After detailed analysis of the water quality parameters (pH, EC, TDS, Turbidity and Salinity) of 
groundwater atHa-Tshivhasa areas, the pH values for the boreholes monitored from October 
2015 to January 2016 were found to range from the minimum 6.61 to maximum of 8.26.

The turbidity of all boreholes were found to range from the minimum of 0.01NTU to the maximum 
of 0.57 NTU. The turbidity of all the boreholes were found to be within the recommended standard, 
which is between 1-5NTU. According to WHO (2004) water quality standards, 
water(surface/ground) with turbidity of less than 1NTU is recommended for preparation of food 
and for drinking, however turbidity only cannot be used to conclude the quality of water for drinking 
purpose or food preparation it is advisable to boil such water before drinking as way of killing 
bacterial and other contaminations.

The salinity of boreholes were found to  range from the minimum of  465ppm to the maximum of 
1120ppm, however the majority of the boreholes were found to be highly salinity as compared to 
the recommended standard. The EC of the boreholes were ranging from 947 μS/cm to 2350 
μS/cm, the EC of all the boreholes were then found to be exceeding the recommended standards 
which is less than 700 μS/cm. Lastly, the TDS of boreholes were found to range from 701mg/l to 
1790mg/l, however majority of the boreholes in different months were found to exceed the 
recommended standard by DWAF.

Conclusion

Oct Nov Dec Jan
HHB 1 0,01 0,15 0,35 0,22
HHB 2 0,09 0,03 0,4 0,25
HHB 3 0,08 0,07 0,45 0,33
HHB 4 0,01 0,05 0,44 0,3
HHB 5 0,01 0,01 0,45 0,39
HHB 6 0,02 0,05 0,33 0,2
HHB 7 0,03 0,01 0,57 0,4
Maximum 5 5 5 5
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An assessment of groundwater quality for domestic consumption was evaluated by comparing 
the physical parameter and spatial variation of the groundwater within the study areas and the 
prescribed standards by DWAF.). The pH values for all the boreholes were found to be within the 
recommended guideline, ranging from slightly acidic to alkaline. Turbidity of the boreholes within 
the study area was also found to be within the recommended standard, with values that ranged 
between 0.01 NTU to 0.57 NTU. While the average EC, TDS and Salinity values were found to 
be above the recommended guideline, which clearly tells us that the groundwater is slightly salty. 
It was then concluded that groundwater in the study area is not suitable for domestic use but it 
can be used for agricultural purpose.
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Introduction

The provision of clean and safe drinking water is of paramount importance and is a basic 
human need. Water scarcity coupled with tightening of regulations means that alternative 
treatment technologies that are viable and cost effective are required to address the failures of
current treatment technologies in order to meet demand and regulations for clean water 
supplies.  

Logistically, the application of water treatment in rural areas presents unique challenges. The 
first of these is due to the decentralisation of abstraction points arising from low population 
density and the resultant lack of infrastructure, which can make it costly to centralise 
treatment facilities and hence provide potable water direct to the consumer. The second main 
challenge arises from the need to treat water at the site of use. According to the Scottish 
government, around 150,000 people in Scotland rely on a private water supply (Gov.scot, 
2015), which means that the owner or user(s) of these supplies, which can serve one 
household to hundreds, are responsible for the maintenance rather than Scottish Water. As 
such it is imperative that a suitable technological solution to private water treatment is 
employed, as the quality of the water derived from these supplies is highly variable.  

Arvia™ Technology Ltd. has trialled the application of its tertiary water treatment technology 
in treating reservoir water abstracted near Glasgow, Scotland, and has demonstrated 
promising results, despite the conditions of low water quality and a lack of pre-treatment. It 
has been reasoned that the application of the technology as part of a multi-component array,
including ceramic mesh filters and an ion-exchange resin, would enable the system to be run 
continuously over long periods of time, with low day-to-day maintenance and operating cost.

Materials and Methods

Arvia’s patented advanced oxidation technology combines the advantages of adsorption and 
electrochemical regeneration within a single unit; the Organic Destruction Cell (ODC). The 
ODC uniquely uses a combination of adsorption and electrochemical regeneration to destroy 
organics. Key to this innovative process is an alternative approach to adsorption. The 
conventional approach is to use high capacity adsorbents (e.g. activated carbons with high 
porosities and surface areas) that are excellent adsorbents, but require complex and costly 
regeneration. Arvia’s technology uses a patent protected adsorbent, Nyex™, which is a 
non-porous, highly conducting, graphite based adsorbent material that enables it to act as both 
the adsorbent and as a 3D electrode. Its non-porous nature means kinetics during adsorption 
and regeneration are extremely fast and can be repeated many times a day in-situ. This benefit 
greatly outweighs the lower relative adsorptive capacity of Nyex (Brown, 2004), thus the 
process requires a significantly lower mass of adsorbent than those using activated carbon, 
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enabling a lower comparative footprint and overall CAPEX. The high conductivity of the 
Nyex™ means that it operates at low cell voltage to produce a chemical free, waste-free, cost 
and energy efficient process. Contaminant organics are adsorbed onto the Nyex™ surface and 
a low voltage electric current proportional to the organic concentration is passed through the 
Nyex™. Adsorbed organics are oxidised and the surface of the Nyex™ is regenerated in-situ 
for further adsorption without interruption or replacement. Treated water flows from the 
bottom of the cell where it can either be re-used or safely discharged (video of the process 
http://bit.ly/1QMAc5A, Arvia™ Technology Ltd., 2017). One variation of our unit was used 
for this first phase of trials, the ODC1-20, comprising of a single electrochemical cell (400 
cm2 in size).  

Results and Discussion

As shown in figure 1, complete colour removal was achieved in combination with COD 
removal to meet target level within 8 hours of treatment. COD fractionation tests on the 
treated samples were performed by Scottish Water to determine the nature of the COD 
fractions removed by the Arvia™ process. Results show that the Arvia™ process removed 
90% of the hydrophobic material in the water which are often the biggest contributors to 
THM formation.  

The engagement with Scottish Water has progressed to the next stage with the deployment of 
a pilot plant at a Scottish Water treatment site as a direct replacement for GAC. The set-up is 
part of a multi-treatment array, involving a bespoke Arvia™ ODC unit (consisting 22 cells, 
1m2 in size), an ion-exchange treatment and a ceramic filter to remove any particulate matter 
or biological contaminants such as cryptosporidium. Further evaluation of the Arvia™ system 
as a standalone treatment system is also planned. Arvia™ is also actively developing a novel 
under the sink treatment unit that is targeted at remote, point of use local treatment.
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Figure 1: (a) Chemical Oxygen Demand (COD) and Colour (Pt-Co; apparent) removal for the treatment of a 
live Scottish Water raw water. (b) Sample of Raw water before and after treatment  
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INTRODUCTION / MAIN METHIODS 
The lack of adequate sanitation facilities affects 32% of world’s population, 70% of which 
lives in rural areas (WHO, UNICEF, 2015), where wastewater collecting systems are often 
not available. Low cost and effective options for decentralized wastewater treatment are then 
urgently necessary. Vermifilters are capable of removing chemical and biological pollutants 
through earthworms and their interactions with microorganisms (LIU et al., 2012), offering a 
cheap and feasible solution. This study analysed vermifiltration performance regarding 
leachate volume, pH, total alkalinity, conductivity and turbidity for five different substrates, 
as well as earthworms’ final population numbers, comparing it to identical treatments without 
earthworms, aiming to determine the best substrate for an effective vermifilter treatment. 

Each vermifilter consisted of a 1.5 L plastic bottle filled with 5 cm gravel and one substrate, 
as shown in Figure 1. Layers were similar to those used by Madrid (2016), and five different 
substrates were used, as shown in Table 1. For each substrate, there were 3 vermifilters 
containing 10 earthworms (Eisenia andrei) each and 3 without worms, in a total of 30 
vermifilters. Soil was collected at Unicamp and dried, sieved and autoclaved. Sewage 
applications occurred once a day and, subsequently, treated effluent volumes were measured. 
Once a month, samples of raw sewage and treated effluents of each vermifilter were analysed 
for pH, total alkalinity, conductivity and turbidity, according to Standard Methods for the 
Examination of Water and Wastewater (2012). After approximately 16 weeks, the experiment 
was disassembled and earthworms in each vermifilter were counted. 

Data were subjected to variance analyses (ANOVA) and media tests (Scott-Knott, 5%) by 
statistic program SISVAR. 



Figure 1. Filters schematic cross section. 

MAIN RESULTS AND CONCLUSIONS 
Vermifilters containing milled Brachiaria retained more wastewater (Figure 2). At first there 
was no difference between units with or without worms, but after 30 days all vermifilters with 
earthworms showed lower retention and higher turbidity (Table 1), probably due to mobility 
of worms in the substrate, which created pathways for filtration.  

Effluent quality was better in SAMB systems and earthworms showed to be more adapted to
substrates containing vegetable material, increasing in population in those where Brachiaria
was introduced. 
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Figure 2. Temporal evolution of treated effluent in vermifilters containing different substrates 
at A) 0 days; B) 30 days; C) 60 days and D) 90 days of application of raw sewage in 
vermifilters. Vertical bars represent the standard deviation; n = 3.



Table 1. Summary of results.

Abreviation Substrate Presence of 
earthworms pH

Total alkalinity

(mg CaCO3.L-1)

Conductivity

(μS/cm)

Turbidity

(uT)

RS Raw Seawage * 7.47±0.35 308.2±56.2 1102±270 248±132

SO Soil
No 7.33±0.17 191.0±9.6 1008±131 708±413 

Yes 7.41±0.32 212.9±23.4 1048±128 1070±204 

SOSA Soil + Sand
No 7.29±0.17 167.4±17.2 989±100 384±252 

Yes 7.46±0.24 192.5±21.4 972±93 765±216 

SOB Soil + 
Brachiaria

No 7.54±0.23 266.1±18.4 1180±157 369±48 

Yes 7.47±0.35 239.2±30.7 1212±185 476±34 

SOMB Soil + milled 
Brachiaria

No 7.61±0.18 276.6±24.2 1105±116 406±255 

Yes 7.50±0.21 258.4±13.5 1111±135 644±411 

SAMB Sand + milled 
Brachiaria

No 7.44±0.27 238.6±34.5 1064±76 134±99 

Yes 7.18±0.39 169.3±41.2 1121±166 179±98 

* Raw Sawage parameters at the time of application in vermifilters.

ACKNOWLEDGEMENTS 
The authors would like to thank FAPESP (São Paulo Research Foundation. process
2011/21919-7) for financing this study.

REFERENCES 
Liu. J.. Lu. Z.. Yang. J.. Xing. M.. Yu. F.. Guo. M.. 2012 Effect of earthworms on the 
performance and microbial communities of excess sludge treatment process in vermifilter. 
Bioresource Technology 117. 214–221.

Madrid. F. J. P. L. 2016 Aplicação da vermifiltração no tratamento de esgoto sanitário 
(Application of vermifiltration in sanitary sewage treatment). Master thesis. FEC. Unicamp.
Campinas. Brazil. 

Standard Methods for the Examination of Water and Wastewater 2012 22nd edn. American 
Public Health Association/American Water Works Association/Water Environment 
Federation. Washington DC. USA.

WHO. UNICEF. 2015 Progress on sanitation and drinking water–2015 update and MDG 
assessment. https://www.unicef.org/publications/index_82419.html (accessed 12 july 2017). 



The IWA S2Small2017 Conference on Small Water & Wastewater Systems and Resources Oriented Sanitation

Modular green façade elements built from construction and 
demolition waste to treat storm- and greywater

KIsser, J.1, Zehetbauer C.1, Reinberg V.1

1 alchemia-nova GmbH, institute for innovative phytochemistry & closed loop processes, Baumgartenstrasse 93,

1140 Vienna, Austria

Keywords: urban green infrastructure, grey and stormwater treatment, construction and demolition waste

Introduction

The aim of the H2020-project Green INSTRUCT (grant agreement no. 723825) is to design a 
prefabricated, modular and multi-layered building block made of over 70 % of construction and 
demolition waste (CDW). This panel should be suitable for new construction as well as for 
retrofitting projects. A core feature of this innovative panel is the incorporation of an outdoor 
geopolymer-based vertical green infrastructure (GI) layer equipped with an aquiferous system
to purify grey- and stormwater. Generally, the basic green façade contributes to the 
improvement of the urban environment and public/social health through CO2 reduction,
microclimatic benefits, increased biodiversity, aesthetic aspects, and additional acoustic as well 
as thermal insulation. Furthermore, the GI integrates a rhizodegradation-based grey- and 
stormwater purification unit partly based upon the previously invented VertECO® system
(alchemia-nova GmbH 2017; Zraunig et al. 2015). The innovation will contribute to significant 
savings of potable water by recycling non-faecal household, office or public building 
wastewaters. Between 60 l and 130 l greywater are produced per person/day through usage of 
showers, baths and hand basins (Environment Agency 2011). Including contaminated water 
from washing machines and kitchen sinks higher values are possible. Together with the climate-
specific stormwater discharges, these recycled waters can consequently be used for toilet 
flushing, irrigation, groundwater recharge and laundry (demEAUmed project 2014). The 
panel’s outer layer, a geopolymer based on CDW, holds the plants in substrate-filled channels. 
The channels are then fed with collected grey- and stormwater from the respective building. 
The adjustable vertical water flow set-up is designed to purify the water within several of these 
vertically arranged panels according to building specific contamination rates. 

Material and Methods

The panel is roughly dividable into an internal and external panel held together with an 
aluminium frame. While the internal panel integrates a PU foam and MOC (magnesium 
oxychloride cement) layer, the external panel comprises a CDW-based reinforced geopolymer 
layer providing the green wall installation. The geopolymer matrix applies CDW, including 
clay, wood, glass bricks gypsum and tiles. Various CDW/mixtures and extruding techniques 
are tested for their plant growing suitability. The pH-value of the geopolymer needs to be 
adapted to around 6 for proper plant and biofilm development. For lab experiments a test layer 
of 300 mm length, 1000 mm width and 80 mm depth with four vertical elliptic channels with a 
cross-sectional area of 31.4 cm2 is extruded. Inclining drill holes (1 cm diameter and in10 cm 
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vertical and 13 cm horizontal intervals) on the front side serve as planting openings (see fig. 1),
in. The channels are filled with various test substrates (e.g. expanded clay, perlite, etc.) to find 
a stable material also supportive of root growth.  

Plants are selected primarily for advantageous root architecture and climatic conditions (e.g. 
precipitation, evaporation, temperature range, etc.) to support the stable development of a
biofilm. Hardy evergreen plants like graminoids, sub-shrubs or herbaceous perennials for 
temperate regions have proven to work well on cascading systems. The plants are inserted via 
the front-sided drill holes. 

Figure 1 Schematic illustration of the Green INSTRUCT water purification system

In lab-scaled experiments artificial grey/stormwater is pumped from an aerated tank into the 
main channels. Underneath the panel a vessel collects the outflow. Pumps and tubes directing 
the outflow into another channel are at disposal for extra circuits to test optimal channel length 
for purification. 

Mobile sensor units measuring COD, BOD, TSS, conductivity, nitrate and turbidity are applied 
to control inlet and outlet values. Laboratory balances are used to measure the panel’s weight 
with various filling levels regarding substrate, plants and dry or wet condition. 
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Results and Discussion

Results of the lab experiments will include the suitability of the geopolymer matrix for plant 
development and with regards to weight aspects. Factors affecting the development of root 
architecture will be documented and analysed, and the test set-up adapted accordingly. The 
optimal substrate supports a continuous flow, however with respect to a well-balanced retention 
time to allow for best purification results. If the water flow is too fast, purification rates will be 
correspondingly low and the contaminated water needs to pass more sanitation circuits. On the 
other hand, issues of draught similarly affect purification results. Considerations regarding
evapotranspiration rates and biofilm desiccation are therefore crucial, especially with respect to 
the various climatic conditions the prototypes eventually are going to be exposed to. 

To correspond with national and EU regulations on the usage of recycled water for various 
purposes the specific maximum contamination values must be achieved. Under lab conditions 
a pollution abatement of COD and BOD by more than 85 % (< 10 O2 mg/l and < 5 O2 mg/l 
respectively) is foreseen. Furthermore, the unit is expected to capture approx. 2,4 kg of CO2/m2

per anno. 

References

demEAUmed. 2014. ‘demEAUmed’. http://www.demeaumed.eu/.
Environment Agency. 2011. Greywater for Domsetic Users: An Information Guide. Bristol: Environment Agency.
alchemia-nova GmbH. 2017. ‘Phytotechnology | alchemia-nova’. Accessed February 3. http://www.alchemia-

nova.net/en/activities/phytotechnologie-2/.
Zraunig, Andrea, Heinz Gattringer, Johannes Kisser, and Manfred Radtke. 2015. ‘Building-Integrated Indoor 

Vertical Ecosystem for Treatment and Recycling of Greywater’. Sustainable Sanitation Practice 23 (7): 11–
17.



The IWA S2Small2017 Conference on Small Water & Wastewater Systems and Resources Oriented Sanitation

Feasibility study of small anaerobic-co-digestion in urban district level. 

Ref # S2SMALL-56642
Bautista Angeli J-R.1, 2, Lakel A.2, Le Floc’h T. 2, Andres Y.1

1IMT Atlantique, GEPEA (UMR CNRS 6144), Université Bretagne Loire, 4 rue Alfred 
Kastler, 44307 Nantes, France  
2 CSTB, Aquasim, 11 rue Henri Picherit, 44300 Nantes, France
Corresponding author. E-mail address: jean-romain.bautista@cstb.fr

Key words: Anaerobic-digestion, co-digestion, wastewater, BMP

Introduction

The evolution of Western societies now raises the question of their energy perspectives and 
their environmental impacts. Indeed, with the depletion of fossil resources, in Europe and
France, the policies lead to an energetical transition. In these objectives, the research
challenge is focused on alternative technologies, towards local and renewable resources.
Anaerobic digestion is one of the technologies put forward to make this transition. The 
process of anaerobic digestion produces, by consumption of the organic matter resulting from
waste, a recoverable biogas. Nevertheless its domain needs to be adapted to fit into the
tomorrow’s urban area and thus enable the realization of the energetic and environmental 
objectives.
Eco neighborhoods correspond to homes built on a strong environmental commitment. Their 
development takes social and environmental criteria into account at the construction stage,
and various process of resource management are implemented, for example, to limit water
consumption (vacuum toilet), to recover waste and / or to use solar energy. The collection of 
wastewater can also be centralized to process such as anaerobic digestion (Wendland, 2008),
to a treatment plant or to decentralized management. Furthermore, recent studies on anaerobic 
digestion highlight the possibility to use a co-digestion to optimize the process by the
valorization of other waste deposits. (Cabbai et al., 2013; Hertel et al., 2015) In order to
maximize energy recovery by bringing the final energy consumer, the waste producer and the 
treatment site closer together. This project plans to study the feasibility of a micro anaerobic 
digestion process by co-digesting of primary sludge from small wastewater treatment plants,
domestic waste and green waste available on an eco district scale.
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Material and Methods 

First of all, the study includes the characterization and selection of organic waste available at 
the scale of a district. For this, the Chemical Oxygen Demand (COD), the Dry Matter (DM), the 
Volatile Matter (VM) and the elementary analysis of the substrates were carried out (ISO NF 
EN 15169; 15934). Biochemical Methane Potential (BMP) tests were realized in 500 ml flasks, 
placed at 37 ° C. for 24-35 days. The S / I ratio was selected, close to 3, without addition of 
nutrient solution and each flask was supplemented with water up to 400 ml. About the Primary 
Sludge, the mention “A” correspond to a correction at 7 of the pH in the beginning of the 
reaction, by added NaOH or HCl. (Elbeshbishy et al., 2012; Raposo et al., 2012). The operation 
realized on a MIX of Food Waste (FW), Green Waste (GW) and Primary Sludge (PS) was with 
a ratio 1g VM add of each one. 1 blanks composed of 250 ml of inoculum and 150 ml of water, 
went for each test. The biogas quality was realized by micro-Gaseous Chromatography, with 
injected simples of 50 ml. This allowed to determine the fraction of CH4, CO2, N2, O2 and H2S.

Results and Discussions

From Table 1 the substrate was selected taking into account a VM / DM ratio greater or equal 
than 88% and a C/N ratio close to 15. Food Waste (FW), Green Waste (GW), Primary Sludge 
(PS), Paper Towel (PT) and Wheat Straw (WS) were selected as main substrates. The high
C/N ratio (> 85) of PT and WS was taken into account considering the C/N ratio had to be 
adjusted in co-digestion. 
Tables 1 shows the results of the physico-chemical analyzes of the residues studied.

Table 1: Physico-chemical analyzes on the different types of substrates identified. 

DM (%) VM/DM (%) COD C/N

Food Waste (grinded and dried) 94.4 (±0.4)* 81.1-92.9 ** 1129 (±128) g.kg-1 * 14

Green Waste (grass mowing) 14.6 (±0.7)* 96.7 (±0.8)* 824 (±46) g.kg-1 * 1 14

Primary Sludge 
(raw wastewater settled 25-90min)

1.0 (±0.1)* 80.0-95.2** 4.73-14.74 g.l-1** 13

Mixed Sludge 2.5 (±0.8)* 74.9-77.4 ** 28 (±5) g.l-1 * 11

Activated Sludge
(mass loading 0.3 kg.kg-1.d-1)

0.44 (±0.02)* 81.9 (±1.8)* 5.8 (±0.4) g.l-1 * 6

Paper Towel 93.9 (±0.2)* 99.8 (±0.2)* 815 (±112) g.kg-1 * 1 Inf. 
det. a

Wheat Straw 91.8 (±0.7)* 96.4 (±0.6)* 1033 (±72) g.kg-1 * 1 91

Composting (after 150 days) 2 60-85 45.8-50.4 Nd Nd

1, Measured on the substrate after grinded and drying at 105 ° C., 16 h. 2, based on the work of Adhikari et al., 2013.

* Gaussian p<0.05 with Wilk Shapiro’s test, mean (± standard deviation) **minimum – maximum

a, azote fraction lower than the detection threshold
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Figure 1: BMP Test on PS, at 37°C, during 30 days.
“A”, correspond to a correction of the pH to 7

Table 2: Methane concentration on the biogas produced during BMP test 
Day 3 Day 4 Day 14 Day 17 Day 22 Day 25 Day 35

PS 1 « A » * - 2.8% 26.5% - 25.3% 22.7% 30.1%
PS 2 « A » * - 1.7% 3.7% 12.3% - 37.0% 55.4%
PS 3 * - - - - - - -
PS 4 * 0.2% - - - - 0.2% -
*Results on percentage of the total volume of biogas analyzed - : not measured

Figure 2: BMP Test in co-digestion of FW, GW, PS, at 37°C, during 24 days. 

Table 3: Methane concentration on the biogas produced during BMP test 
Day 2 Day 6 Day 10 Day 13 Day 20 Day 23 Day 25

MIX * 1.3% 26.8% - 68.1% 73.1% 69.2% -

MIX 1 * - - 30.6% - - - 57.0%
MIX 2 * - - 24.4% - - - 58.5%
*Results on percentage of the total volume of biogas analyzed - : not measured
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According to the Figure 1 and the Table 2, it could be measured during the BMP test of PS, with 
a high S/I ratio, a total yield of 98 (±10) mL CH4 / g VMsubstrat and an inhibition of the 
methane production in absence of pH correction. With the same S/I ratio, BMP tests on a MIX 
of each waste are presented on Figure 2. It could be deduced to the Table 3, a methane 
production of 134 (±34) mL CH4 / g VMsubstrat. Although we acknowledge that the methane 
concentration is fast obtainable with the MIX than the PS, that seems confirm the literature 
about a better stability of co-digestion in comparison of mono-substrate digestion. (Davidsson 
et al., 2007; Cabbai et al., 2013) 
This results highlight the co-digestion as a process to conduce the anaerobic digestion of 
decentralized water without chemical addition to regulate the pH. In the focus of the integration 
at urban scale, the co-digestion process, could be a way to treat organic household waste with 
small and local units. (Wendland, 2008; de Graaff et al., 2010)
The next step of the study will consist of the transposition into a 50 L pilot reactor and the use of 
secondary substrate for improve the C/N ratio of the mix to 20-30, assumed to optimized for an 
anaerobic digestion reaction. 
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Introduction

Membrane fouling remains the main drawback to wider application of MBR technology in 
decentralized wastewater treatment [1]. All known physical, chemical and biological
prevention strategies require representative and continuous evaluation of MBR system 
performance. Conventional laboratory approach, based either on monitoring of trans-membrane 
pressure development during filtration at constant flux or flux decrease at constant pressure, 
together with chemical and biological indicators, does not suit needs of full-scale or pilot 
systems, where separation process is being run in cycle, when filtration phase alternates with 
relaxation, backwash with permeate or chemically enhanced backwash. Large-scale industrial 
MBR plants are monitored comprehensively and continuously supervised by qualified staff,
which takes decision about acceptable hydraulic parameters, energy consumption and cleaning 
frequency. Both approaches are not suitable for small MBRs, intended for decentralized 
wastewater treatment, where qualified staff is involved during installation and commissioning 
at best. 

Thereby, the objective of the present work is to define performance indicators of the membrane 
separation process in submerged MBR, which can be monitored during continuous run of small 
decentralized wastewater treatment system and interlinked with chemical and biological 
parameters into performance evaluation protocol. 

Material and Methods

The experimental plant has a design of submerged MBR in external configuration, with separate 
biological and filtration tanks, connected by overflow. Ceramic-plate microfiltration 
membranes with 0.4 μm pores were applied (Cembrane, Denmark). Three membrane modules 
with total filtering area of 0.828 m2 were connected in parallel to the peristaltic pump.
Membranes were aerated from the bottom diffuser with oxygen excess. Biology was inoculated 
with sludge from municipal wastewater treatment plant (BEVAS, Oslo). Pre-screened 
wastewater was supplied at 0.3 m3/d and obtained by mixing black and grey water at 1:1 ratio. 

Wastewater (WW) and activated sludge (AS) were characterized by COD, TSS, VSS, SVI, CST
and relative hydrophobicity (RH), analysed daily according to SMWW (22nd edition). Flow in 
permeate line, and transmembrane pressure (TMP) were measured with flow and pressure 
sensors (Krohne) and logged every second to PLC together with filtration cycle settings.
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Results and Discussion

Obtained permeate flows were recalculated to membrane flux J, LMH (1), normalized to 20 oC 
as JN (1) and used to calculated normalized permeability PN (2):= , (1) = ( . ( )) (2) = (3) 

Data arrow of hydraulic parameters was statistically treated and 8 representative filtration 
cycles for each day were selected for further analysis. For each cycle, a set of average initial 
and final parameters has been calculated, excluding ramp and relaxation periods of the 
peristaltic pump. Coefficient of permeability recovery PR (4), TMP development rate dTMP/dt
(5) and membrane resistance R (6) were calculated:= ( ) ( )( ) ( ) (4) =  (5) = , (6) 

(a)

(c)

(b)

(d)
Figure 1. Membrane system operation parameters: normalized permeability (a), first derivative of 
transmembrane pressure (b), recovery of normalized permeability (c), membrane resistance (d)

Table 1 – Parameters of WW and AS

Parameter COD, mgO2/L TSS, mg/L VSS, mg/L SVI, mL/g CST, sec RH, %
WW 165.5-179 0.15-0.21 - - - -
Permeate 29.8-36.1 0-0.023 - - - -
AS-B 47.65-57.95 1.77-2.06 1.39-1.91 192.28-257.79 30.1-40.16 -
AS-F 52.75-85.15 5.03-5.51 4.18-4.923 159.60-202.65 119.8-139.3 35.84-47.26

Obtained results show that developed protocol allows evaluating performance of small 
wastewater treatment MBR system, simultaneously accounting treatment efficiency parameters,
standard membrane filtration characteristics, fouling development indicators (dTMP/dt, Rtot)
and membrane cleaning efficiency (PR). This approach allows maintaining the system within 
stable operation range and treatment efficiency, and can be used in further studies of membrane 
fouling prevention and development of membrane cleaning protocols. 
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INTRODUCTION
Considering the current scenario of developing countries where 18% of urban and 49% of 
rural households still use unimproved sanitation facilities (WHO, 2015), the vermifiltration 
process appears as a technically attractive alternative for sanitary wastewater treatment. It 
requires low-cost materials, small areas (thanks to the high surface application rates it can 
operate), generates vermicast instead of sludge – that can be used as bio-fertilizer – and its 
effluent can be applied in agricultural reuse (Xing et al. 2005; Sinha et al. 2008; Liu et al. 
2009). 

This work evaluated the performance of four pilot scale vermifilters in sewage treatment of a 
commercial establishment, supporting the future conception of a compact, versatile and easy 
to operate unit for decentralized wastewater treatment systems. 

MAIN METHODS
Each of the four cylindrical pilot scale vermifilter (made with 250 mm PVC pipes) received a
population of 25,000 Eisenia andrei earthworms per m3, and were fed from the top with raw 
sewage for eight months. The top layer of Vermifilters 3 and 4 were formed by 50 cm of 
sawdust in several flake sizes, followed by a 50 cm expanded clay layer stratified in different 
grain sizes. Vermifilters 1 and 2 had two bed compartments of same configuration of the other 
referred units, simulating two reactors in series (Figure 1). The daily influent volume
application varied according to the generation of sewage that was stored in a well; 
Vermifilters 1 and 3 received twice as much as units 2 and 4. Therefore, two surface 
application rates (SAR) were evaluated for each configuration set; the highest SAR reached 
maximum values around 1,800 L.m-2.day-1.

Laboratory analysis of the raw influent and treated effluents were taken once a month, using 
the standard methods described in APHA (2012) for the following parameters: pH, Turbidity, 
Total Suspended Solids (TSS), Biochemical and Chemical Oxygen Demand (BOD and COD), 
and nitrogen series. Data were submitted to analysis of variance (ANOVA), and their means 
were compared by Tukey test at a significance level of 0.05. 



Figure 1. Front view of the four pilot scale vermifilters.

MAIN RESULTS AND CONCLUSIONS
The main results (Table 1) showed: (i) No significant differences were found for Turbidity, 
TSS, BOD and COD removal between the four vermifilters (Tukey, 5%). (ii) All vermifilters 
had an average removal of about 80% of Turbidity, TSS and BOD, and about 70% of COD of 
the raw sewage. (iii) Between 30% and 40% of the ammoniacal nitrogen from the sewage was 
nitrified by the vermifilters.

Therefore, it can be inferred that the single compartment unit operated with a high SAR –
Vermifilter 3 –, as well as the others reactors, reached satisfactory levels of organic matter 
removal from the raw sewage. It is noteworthy that removals above 90% of Turbidity, TSS 
and BOD and 80% of COD were verified most of the time for this unit. In addition, the high 
N-NH4

+ load of the urine-rich sewage (220 ± 86 mg.L-1) did not cause apparent problems in
the reactor performance, presenting a nitrification of about 30%. These positive results may
support further researches for vermifilters design based on SAR, as well as to establish
minimum materials for the bed composition without compromising its performance.

Table 1. Mean concentrations and standard deviation of analyzed parameters.

Parameter Raw Influent
Effluents

Vermifilter 1 Vermifilter 2 Vermifilter 3 Vermifilter 4

pH 7.9 ± 0.7 6.7 ± 0.1 6.9 ± 0.3 6.9 ± 0.1 7.0 ± 0.1

Turbidity (uT) 231 ± 129 40 ± 22 33 ±  35 26 ±  29 34 ±  35

TSS (mg.L-1) 195 ± 75 37 ± 30 21 ± 30 23 ± 34 39 ± 38

BOD (mg.L-1) 303 ± 99 55 ± 28 44 ±  29 46 ±  34 52 ±  25

COD (mg.L-1) 751 ± 142 270 ± 159 197 ± 65 224 ± 151 271 ±  129

N-ORG (mg.L-1) 40 ± 71 28 ± 51 6 ± 7 13 ± 18 18 ± 41

N-NH4+ (mg.L-1) 220 ± 86 108 ± 28 117 ± 39 130 ± 45 126 ± 28

N-NO2- (mg.L-1) * 0,7 ± 0,8 1,3 ± 2,6 2,4 ± 2,1 5,0 ± 7,1

N-NO3- (mg.L-1) * 81 ± 42 93 ± 41 73 ± 44 76  ± 33

* Values below the method detection limit
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Introduction

The use of apatite, a natural phosphate rock, as a specific material which promotes 
phosphorous (P) adsorption/precipitation phenomena, has received particular attention in 
wastewater treatments in France in the last decade. Apatite filters are extensive systems for 
phosphorous removal which have been used together with constructed wetlands (CW) in 
wastewater treatment plants (WWTP) of small communities to deal with eutrophication 
problems in sensitive zones. There are more than 20 full-scale apatite filters installed in
France, UK, Belgium and Austria, some of which are being operated for more than 5 years 
now. Consequently, a new research project gathering Irstea and Epur Nature, who have 
historically developed the use of apatite filter for P removal in France, and Timab, in charge 
of apatite pelletization which is marketed under the brandname Phosclean®, has started in 
2017. The project named APPROVE is also co-funded by Rhône Méditerranée Corse and 
Adour Garonne French water agencies. 

The APPROVE research program is being developed in order to i) capitalize the lessons 
learnt from the full scale systems since their commissioning, ii) to evaluate and validate a new 
generation of apatite material (kinetics, lifespan, influences of environmental and operational 
conditions …) and iii) to define the valorisation of P enriched final material. This poster will 
present the APPROVE project objectives and methodology as well as the first results obtained 
during 2017.  

Project methodology

The APPROVE project comprises three axes of work (Figure 1). In first place, a number of
field campaigns provide a feedback on the performances of full-scale apatite filters in France
which operate with the 1st generation of Phosclean apatite pellets. This feedback allows a) to 
evaluate the pH increase during the commissioning phase, b) to identify the causes of 
dysfunctions sometimes observed in apatite filter’s operation (e.g. clogging occurrence and/or 
the overcoming of discharge limits) and c) to evaluate the hydraulic and phosphorous 
retention performances of three hydraulically-different apatite filters (horizontal flow, vertical 
down flow and vertical up flow).
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In second place, a PhD thesis has started to assess the new generation of apatite product. The 
major aim of this work is to determine its maximum P-retention capacity and the influence of 
different parameters as Ca2+ concentration, pH, and the presence of competitive ions and 
biomass in retention’s kinetic. Laboratory and pilot scale experiments are conducted to 
combine chemical speciation and hydraulics with the aid of the Hydrus® software.

Figure 1 Scheme of APPROVE project

Finally, a study to determine P valorisation and apatite reuse alternatives will be performed.
On one hand, the resulting saturated apatite (final P-enriched product) from pilot-scale 
experiments will be decompacted and operated again to assess P retention reliability after 
permeability’s recovery. On the other hand, an investigation to determine its possible ways of 
valorisation either as direct fertilizer in agriculture or as raw material for fertilizers production 
will be conducted in accordance to the European regulation context.

Results and Discussion 

The poster will present the first results obtained on two aspects: the lessons gained from full 
scale systems (an example of a WWTP of 4 500EHcapacity) and the laboratory-scale 
monitoring of the new generation of Phosclean. 
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INTRODUCTION
Reducing the generation of solid and liquid wastes and producing a clean, renewable and 
efficient energy represent the main challenges for the economic and environmental politics. 
Agricultural residues are one of such renewable and lignocellulosic-rich biomass resources 
available for biofuels production. Although the researchers have been focused on converting
cellulose into energy, hemicellulose has been less studied. Thermophilic bacteria are able to 
convert pentose and hexoses in hydrogen, ethanol and organic acids in the anaerobic digestion 
process. The aim of this study was to isolate anaerobic, hemicellulosic, thermophilic bacteria 
from sludge of wastewater treatment UASB reactor and evaluate its ability to produce biofuel 
from xylose, the principal carbohydrate in the composition of hemicellulose.  

MAIN METHODS
The strain was isolated from a granulated sludge of the Upflow Anaerobic Sludge Blanket 
(UASB) reactor treating vinasse waste (Usina São Martinho, Pradópolis, São Paulo, Brazil).
Samples were enriched on xylose (1g/L) in AMM Medium (Crespo et al., 2012), at 55°C for 
120 hours under strict anaerobic conditions (under N2 100%). The consortium was the serially 
diluted in the same medium and conditions, and the end point dilutions were planted by using
agarose (2g/L). Colonies were picked from final positive dilution and reinoculated to liquid 
medium with xylose. The strain with the highest level of H2 production was named IS1, and 
its metabolic was investigated in batch reactors. DNA was extracted from strain IS1 and the 
ribosomal 16S genes were amplified by PCR using the primer 27F-1110R (Lane, 1991).The 
PCR products were purified and sequenced using Sanger method and applied in the software 
DNASTAR (Lasergene sequence analysis). The partial 16S rRNA gene sequences were 
compared by database searches in NCBI-database (National Center for Biotechnology 
Information). Therefore, assays were prepared in batch reactors for evaluating the end-
products, that 200 mL of microbial suspension was transferred into 2000 mL AMM Medium
supplemented with xylose (1g/L) at 55°C and strict anaerobic conditions. Cell concentration 
was determined by measuring absorbance at 600 nm by Nanocolor VIS spectrophotometer. 
The anaerobic medium used was supplemented with xylose, galactose, cellobiose, glucose, 
sucrose, fructose, mannose, arabinose, and hydrolysate of bagasse and coffee husk (2g/L).
Growth was observed by increase in optical density which was measured at the beginning and 
at the end of incubation time (5 days). The hydrogen content in the biogas was determined by 
gas chromatography (GC 2010 Shimadzu). The volatile acid and alcohol were determined by 



gas chromatography (GC 2010 Shimadzu) equipped with flame ionization detector and an HP 
INNOWAX (30m x 0,25mm x 0,25μm of film thickness (Adorno et al., 2014; Adorno and 
Tomita, 2014). 

MAIN RESULTS AND CONCLUSIONS
By means of 16S rRNA analysis was identified that the strain IS1 is a member of the genus 
Thermoanaerobacterium. The closest phylogenetic relative was Thermoanaerobacterium 
calidifontis NR 113051.1, where recorded similarity of the 16S rRNA genes was 99%. The 
strain IS1 isolate showed grown with various type of carbohydrates, such as xylose, galactose, 
cellobiose, glucose, sucrose, fructose, arabinose, mannose and hydrolysate of bagasse and 
coffee husk. Hydrogen was produced in the exponential phase accompanied by the production 
of ethanol and acetic acid. Propionic and butyric acids were not detected. All the substrate 
was consumed in 35 hours (95%) (Fig 1 and Fig 2).
The maximum H2 production rate and yield of strain IS1 were 1.42 mmol/L. h-1 and 1.39 mol 
H2 / mol-xylose, respectively. The ethanol results were 0.76 mmol/L. h-1 and 0.72 mol EtOH / 
mol- xylose. Therefore, the strain IS1 was able to produce hydrogen and ethanol from xylose, 
and these results evidence the capability to produce energy from renewable resources, such as 
lignocellulosic residues.

Figure 1. Growth and end products formation from xylose (2g/L) by strain IS1

Figure 2. Hydrogen production from xylose (2g/L) by strain IS1



REFERENCES

Adorno, M.A.T., Hirasawa, J.S., Varesche, M.B.A., 2014. Development and Validation of 
Two Methods to Quantify Volatile Acids (C2-C6) by GC-FID: Headspace (Automatic 
and Manual) and Liquid – Liquid Extraction (LLE). Am. J. Anal. Chem. 5, 406–414. 

Adorno, M.A.T., Tomita, I., 2014. Development and validation of a method for nitrogen, 
hydrogen, methane, and carbon dioxide determination by GC / DCT, in Brazilian 
Chemical Society Annual Metting.

Crespo, C., Pozzo, T., Karlsson, E.N., Alvarez, M.T., Mattiasson, B., 2012. Caloramator 
boliviensis sp. nov., a thermophilic, ethanol-producing bacterium isolated from a hot 
spring. Int. J. Syst. Evol. Microbiol. 62, 1679–1686. doi:10.1099/ijs.0.032664-0 

Lane, D.J., 1991. 16S/23S rRNA sequencing. In: Stackebandt E, Goodfellow M (eds) Nucleic 
acid techniques in bacterial systematics 115–175. 



Influence of hydraulic retention time on the removal 
and removal kinetics of antibiotics Sulfamethoxazole 
and Ciprofloxacin in an anaerobic packed bed 
reactor 
Ref # S2SMALL-92710 

R. B. Carneiro1*, C. M. Mukaeda1, A. J. Santos-Neto2, M. Zaiat1

1 Laboratory of Biological Processes, Center for Research, Development and Innovation in 
Environmental Engineering, São Carlos School of Engineering, University of São Paulo 
(USP), 1100, João Dagnone Ave., Santa Angelina, 13563-120, São Carlos, São Paulo, 
Brazil. 
2 Laboratory of Chromatography, Institute of Chemistry of São Carlos, University of São 
Paulo (USP), 400, Trabalhador São-Carlense Ave., São Carlos, São Paulo 13566-590, 
Brazil. 

* Corresponding Author: rodrigobrazcarneiro@yahoo.com.br

Abstract: The occurrence, fate and potential impacts of antibiotics in the environment has 
attracted attention of researchers around the world in recent years. Although the 
concentration of antibiotics and their metabolites is considered low (range from ng.L-1 to 
μg.L-1) in the different environmental compartments, they are considered emerging 
contaminants because they can result in the development and spread of resistance genes in 
bacteria. Sulfamethoxazole (SMX) and Ciprofloxacin (CIP) are among the antibiotics most 
frequently detected in various environmental matrices. Nevertheless, there are few studies 
focusing on anaerobic biodegradation processes for these compounds. Adjustment of 
operational parameters, such as hydraulic retention time (HRT) and sludge retention time, 
at wastewater treatment plants may influence the biodegradation of micropollutants. The 
aim of this work was to evaluate the influence of HRT on the performance of anaerobic 
packed bed reactor (APBR) at removing the antibiotics SMX and CIP from a low strength 
synthetic domestic sewage. It was observed that the decrease in HRT from 12 to 4 hours 
resulted in a drop in the performance of the reactors in the removal of organic matter and 
antibiotics.

Keywords: Ciprofloxacin, Hydraulic Retention Time, Kinetics, Packed Bed, 
Sulfamethoxazole.

INTRODUCTION
Antibiotic compounds are emerging contaminants, which are present in various environmental 

-1 or even lower (ng.L-1), and may cause adverse effects on 
human health, biota and aquatic ecosystems. They are among the pharmaceutical compounds
most frequently found in aquatic environments around the world, and are only partially 
degraded in biological treatment plants (Bila and Dezotti, 2003; Göbel et al., 2005; Zorita et 
al., 2009).  

Antibiotics have wide use in human and veterinary medicine, resulting in many potential 
sources of contamination. Moreover, they have the ability to change the structure of the 
microbial community, promoting the development of resistant human pathogens (Karthikeyan 
and Meyer, 2006) and thus causing a serious threat to public health, as the infection cannot be 
treated with the antimicrobials currently known (Hirsch et al., 1999). The bacteria, when 
exposed to low doses of antibiotics, are gradually becoming tolerant to these antibiotics and 
developing resistance (Sahoo et al., 2010). 



Considering the various classes of antibiotics, fluoroquinolones and sulfonamides are the 
most persistent in the environment (Huang et al., 2001). The sulfamethoxazole (sulfonamide 
class) and the ciprofloxacin (fluoroquinolone class) are widely used in human and veterinary 
medicine (Segura et al., 2009), and are among the most frequently detected in the aquatic 
environment (Heberer, 2002; Kümmerer, 2009), imposing therefore great risk to the non-
target species in ecosystems (Bouki et al., 2013). Figure 1 shows the structure of SMX and 
CIP.  

Figure 1. General chemical structure of sulfamethoxazole (a) and ciprofloxacin (b)

Possible technologies available for removing antibiotics refer to physical-chemical systems 
such as activated carbon, advanced oxidation processes and ozonation. However, these 
processes require high investment and more sophisticated operation. Thus, it is very important 
to know the behavior and removal mechanisms of these pharmaceutical compounds in 
biological treatment systems. In this respect, the removal in conventional activated sludge and 
membrane bioreactors are the most studied (Clara et al., 2005; Miege et al., 2009; Sipma et 
al., 2010). On the other hand, removal and biodegradation studies of antibiotics in anaerobic 
systems is incipient.

In Brazil, where the anaerobic treatment technology is very applicable and widespread, it is 
necessary to evaluate the performance of anaerobic systems in removing pharmaceutical 
compounds. Some studies have been conducted to evaluate the removal of antibiotics in 
anaerobic treatment systems such as UASB (Queiroz et al., 2012) and horizontal-flow 
anaerobic immobilized biomass (Chatila et al., 2015). 

The application of fixed-bed bioreactors as alternative for the anaerobic treatment of domestic 
and industrial wastewater has increased in recent years. A fixed bed reactor consists of 
biomass immobilized on inert materials (such as low-density polyethylene, polyurethane foam 
and ceramic), forming a biofilm. Among the advantages of this reactor can be mentioned its
ability to maintain high solids retention time (high biomass concentration) even when 
operated at low hydraulic retention times; high performance and stability; low content of 
suspended solids effluent (Cuel et al., 2011; Mockaitis et al., 2014). In addition, biofilm 
formation can increase the resistance to toxic and recalcitrant compounds, as well as the 
enhancement of biodegradation.

Polyurethane foam has been widely studied for diverse applications as a support matrix to 
immobilize anaerobic biomass (Santos et al., 2016; Godoi et al., 2015; Chatila et al., 2015). 
Gizgen et al. (1988) and Varesche et al. (1997) observed that the polyurethane foam matrices 
offered excellent conditions for anaerobic growth and adhesion. Other advantages of using 
polyurethane foam is its high porosity, low cost and easy acquisition.   

The aim of this work was to evaluate the influence of hydraulic retention time (HRT) on the
performance of anaerobic packed bed reactor (APBR) at removing the antibiotics 
sulfamethoxazole (SMX) and ciprofloxacin (CIP) from a low strength synthetic domestic 
sewage.   



MATERIALS AND METHODS

Bioreactor and support media configuration 

This study employed a bench-scale anaerobic packed bed reactor (APBR) using polyurethane 
foam as support media – Figure 2. The bioreactor was made of acrylic with a working total 
volume, discounting support media, of 2.69 L. The support media applied in the reactors had 
the following features: porosity of 92%, apparent density of 23 g.L-1, and specific surface area 
of 43.8 m².g-1 (Silva et al., 2006). The reactor was filled with cylindrical matrices of 
polyurethane foam with a diameter of 0.8 cm and height of 1.2 cm, resulting in bed porosity 
of 59%.  

Figure 2. Experimental apparatus of the APBR 

Operational Conditions 

Before the reactor operation start-up, the support media was inoculated with granular sludge 
obtained from an UASB bioreactor treating poultry slaughterhouse with total volatile solids of 
26.5 gTVS.L-1. The feeding of the reactors was performed continuously and in up-flow 
through peristaltic pumps (Gilson MINIPULS® 3). The temperature was kept in 30ºC. The 
reactor operation was divided into three phases with different HRT – 12 h (I), 8 h (II) and 4 h 
(III). COD, SMX and CIP removal profiles were evaluated for each HRT.

Synthetic Wastewater Composition 

During the experiment, the reactor was fed with synthetic (lab-made) wastewater, simulating 
domestic sewage, with a theoretical total chemical oxygen demand (COD) of 500 mg.L-1. The 
synthetic medium was composed by sucrose (43), cellulose (42.5), starch (135), meat extract 
(219), NaHCO3 (300), KH2PO4 (15), NaCl (250), CaCl2.2H2O (7), MgCl2.6H2O (4.5), anionic 
surfactant (15), and soybean oil (31) - values in mg.L-1. The wastewater was amended with



NaHCO3 in order to maintain the pH and alkalinity at a desirable range to methanogenesis. 
Surfactant was added to the medium in order to emulsify the soybean oil.  

The antibiotics sulfamethoxazole and ciprofloxacin were added to the synthetic medium at 
concentration around of 400 ng.L-1, based on average values from samples of domestic 
sewage collected by Gomes et al. (2015). This concentration is considered relevant for 
domestic sewage, since it is within the range of values indicated in reported studies in the 
literature.

Analytical Methods 

The system performance was monitored by physical chemical analysis in influent and effluent 
samples of the reactor, according to the methods described in APHA (2005): pH (4500-H+ B), 
COD (5220-D), and Suspended Solids (2540-E). Alkalinity was measured according to Ripley 
et al. (1986). The biogas composition (carbon dioxide, methane and sulfide) was monitored 
by gas chromatography (GC 2010 Shimadzu® Scientific Instruments). The biogas flow rate 
was measured with a gas meter model MGC-1 V30 (Ritter®). 

The SMX and CIP concentrations in the aqueous samples were determined by using a
column-switching online solid phase extraction coupled to a liquid chromatography/tandem 
mass spectrometry (SPE-LC-MS/MS) method - Chromatograph Agilent® 1200 LC series and 
hybrid triple quadrupole-linear ion trap mass spectrometer AB SCIEX QTRAP® 5500. 
Influent and effluent samples were subjected to a simple pre-treatment: pH was adjusted to 
3.0 using 0.1% of formic acid and filtered using 0.22 μm acetate cellulose membrane. Internal 
standards, isotopically labeled - 13C-SMX and CIP-D8, were used in order to reduce the extent 
of possible losses during the analytical procedure. The reagents SMX, CIP, 13C6-SMX and 
CIP-D8 were obtained from Sigma-Aldrich® (Gomes et al., 2015).   

RESULTS AND DISCUSSION
Figure 3 shows the COD, SMX and CIP removal variation throughout the operational period.
In Figure 4 are the boxplot graphs of COD, SMX and CIP removal for phases from I to III. As 
the HRT decreases, the organic load rate (OLR) applied is increased by increasing of the 
inflow without changing the affluent COD concentration. Considering the results presented in 
the graphs, it can be observed that, with the reduction of HRT applied from 12 to 8 h, there 
was no significant reduction of COD and SMX removal from the system, while for CIP this 
reduction affected the performance of the reactor. With the reduction to 4 h of HRT, there was 
a decrease in the reactor performance in the removal of COD, which was also accompanied 
by a decrease in the efficiency of SMX. This result implies a strong correlation between the 
removal of COD and sulfamethoxazole, which did not necessarily occur for ciprofloxacin. 
This may be due to cometabolic biodegradation in sulfonamide removal. 

It has also been hypothesized that, with the decrease in HRT and consequent increase in the 
ascending velocity in the bed, it may have caused a decrease of the diffusive transport to the 
biofilm and / or increased the CIP desorption capacity of the bed, resulting in the decrease of 
the reactor performance. It should be noted that the increase in the inflow load of SMX and 
CIP antibiotics with the decrease in HRT did not interfere directly on the removal of COD in 
Phase II, but may have had an impact in Phase III.



Figure 3. Temporal variation of affluent concentration, effluent concentration and removal 
efficiency of COD (a), SMX (b) and CIP (c) 

Table 1 shows the results regarding methane production and yield in the reactor. It can be 
observed that the decrease of HRT caused a significant increase of the molar flow, volumetric 
production and yield of CH4. This was due to the increase in the produced biogas flow rate,
due to the higher OLR removed from the medium, accompanied by the higher ascending 
velocity, which resulted in a lower resistance to the gas transfer to the headspace. Thus, 
increasing the affluent load of antibiotics did not affect methane production and yield.
Moreover, the high content of CH4 (XCH4 > 90%) in biogas highlights the optimal performance 
of methanogenic archaea in the medium. Hydrogen and sulfide gas were not detected in the 
biogas. 

Phase I
a

Phase II Phase III

b

c



Figure 4. Boxplot Graph for COD, SMX and CIP removal 

Table 1. Results regarding methane production and yield; and organic load rate applied and 
removed from the system. Bold values correspond to the mean and the other ones to the 
standard deviation.

Parameter (Unit) Phase I Phase II Phase III
Biogas Flow Rate
(mL.d-1)

319
23

438
44

562
70

Volumetric Methane Production Rate
(mLCH4.L-1.d-1)

139
10

194
19

248
31

Molar Methane Flow Rate
(mmolCH4.d-1)

10,6
0,7

14,9
1,5

19,0
2,4

Methane Yield
(mLCH4.g-1CODremovida)

252
34

366
44

473
51

XCH4
(%)

92,2
0,3

92,7
0,4

92,4
0,6

OLR applied 
(kgCOD.m-3.d-1)

0,59
0,05

0,86
0,08

1,98
0,14

OLR removed
(kgCOD.m-3.d-1)

0,54
0,05

0,80
0,07

1,56
0,17



Stimulus-response hydrodynamic experiments indicated that the reactors behaved as plug-
flow, since the dispersion number (D/u.L) value obtained was 0.0035 (Levenspiel, 1999).
Considering this, and according to COD, SMX and CIP decay profiles presented in Figure 5, 
the kinetic model with best fit of the data was the first order model with residual 
concentration, expressed by equation 1. In this expression, C is the concentration in the bulk
liquid, C0 is the concentration in the influent stream, h is the hydraulic retention time; kapp is 
the apparent first-order kinetic constant, and CR is the residual concentration. These 
parameters are presented in Table 2.

(1)

Figure 5. COD, SMX and CIP removal
spatial profiles along the bioreactor.  

Table 2. First-order kinetic expressions 
estimated for the degradation of COD, 
SMX and CIP

Co* Cr* kapp** r2

COD Phase I 269 46 0,74 0,929
COD Phase II 267 31 0,73 0,993 
COD Phase III 317 14 0,62 0,860
SMX Phase I 309 15 0,70 0,997
SMX Phase II 262 21 0,63 0,992
SMX Phase III 347 104 1,00 0,891
CIP Phase I 375 29 0,74 0,960
CIP Phase II 407 172 1,00 0,992
CIP Phase III 443 104 0,95 0,948
* Units of C0 and Cr in mg.L-1 for COD and ng.L-1

for SMX and CIP;
** Unit of kapp in h-1.

The increase in the antibiotic load from Phase II to Phase III resulted in a decrease in the 
removal kinetic constant for COD. Regarding SMX and CIP, the kinetic constants were not 
affected, but a higher residual concentration of these compounds was observed. It was also 
observed that kapp of CIP was greater than kapp of SMX, which may be due to the fact that CIP 
removal is linked to the amount of biomass present in the reactor, since this is more 
concentrated in the lower part of the reaction bed. 

CONCLUSIONS
The APBR was able to remove the antibiotics SMX and CIP from a synthetic wastewater 
simulating domestic sewage for HRT of 12 h. CIP removal was affected by the decrease in 
HRT from 12 to 8 h and in HRT of 4 h there was also a decrease in the efficiency of removal 
of COD and SMX. This may be due to the increase in the influent load of antibiotics, but also 



possibly by the decreasing of the diffusive transport to the biofilm, resulting from the higher 
ascending velocity in the bed. The application of HRT less than 12 hours is not adequate for 
CIP removal. For SMX, there is a minimum limit of 8 hours of HRT for its effective removal 
in anaerobic fixed bed. A strong correlation was found between the removal of COD and 
SMX, which may be due to cometabolic biodegradation in the micropollutant removal. On the 
other hand, removal of CIP seems to be associated with the concentration of biomass present 
in the bed, possibly due to the sorption mechanism. The fixed bed reactor with polyurethane 
foam are a promising technology to remove recalcitrant compounds with high efficiency 
using low HRT, and they can be applied with success in the domestic sewage treatment.  
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Abstract

Winery wastewater is characterized by high organic content, low nutrient 
content and low pH at least during vintage periods. The effect of nutrient 
shortage and low pH on constructed wetlands (CWs) operation was scarcely 
studied, but early field studies indicate that some operational problems can 
arise. This work aims to determine the effect of nutrient shortage and acidic 
pH during the treatment of high organic load wastewater in one-step vertical 
subsurface flow (VF) CWs. A synthetic substrate simulating winery 
wastewater (about 2000 mg COD/L) was fed to two lab scale VF units at 
hydraulic loading rates over 75 mm/d and surface loading rate in the range of 
110-170 g COD/m2·d. Effluent characteristics in steady state conditions were
determined for subsequent operational periods with and without nutrients in
the influent as well as for periods with influent pH of 7.0 and 4.5. The results
showed that neither low nutrient nor low pH impair organic matter removal
whilst low pH decreased nitrogen removal rates.

Keywords
Constructed wetlands, subsurface flow, winery wastewater, high organic 
load, low pH, nutrient shortage 

INTRODUCTION
The wine industry produces wastewater throughout the different processes of wine production. 
Winery wastewater comes mainly from the washing waters of equipment and bottles and from 
the cooling processes and represents a serious environmental problem in wine-producing 
countries. This requires the adoption of measures ensuring that their potential environmental 
impacts are minimal and within an acceptable range (Bolzonella and Rosso, 2009; Masi et al., 
2015).  

Wastewater flow and concentration greatly vary over the year in relation to the working period 
(vintage, racking, bottling), the size of the winery (most of them are relatively small), the 
product (red, white and special vines, and sub-products such as spirits), or the strategy for the 
management of wastes (Petruccioli et al., 2002; Fernández et al., 2007). Winery wastewaters 
contain higher concentrations of soluble organic matter readily biodegradable and a lower 
content of suspended solids. Chemical oxygen demand (COD) concentrations vary from 340 to 
49.000 mg/L, total suspended solids (TSS) from 12 to 18.300 mg/L and biological oxygen 
demand (BOD5) is about 0.4-0.9 of the COD value (Shepher et al, 2001; Petruccioli et al, 2002;
Mosteo et al. 2006; Masi et al, 2015). 

The concentration of nitrogen and phosphorus compounds in winery wastewaters is usually low 
and the pH shows acidic values varying from 3.5 to 7. Low pH is due to the presence of organic 



acids therein, but high COD concentration is due to ethanol and sugar, which represent more 
than 90% of the organic load. Then the recalcitrant constituents represent about 0.1-5% the total
COD (Rodríguez et al., 2007; Vymazal, 2014). 

Conventional treatment systems are not effective for the wine industry (Petruccioli et al., 2002; 
Mosteo et al, 2006), as wastewater from these facilities is highly concentrated in terms of COD 
and have shown highly variable flows and loadings (daily and seasonal). So, the need for the 
development of non-conventional biotreatments, either aerobic or anaerobic treatments arise 
(Pretuccioli et al., 2002; Grismer et al., 2003; Artiga et al., 2005; Mosteo et al. 2006). Natural 
treatments like constructed wetlands (CWs) have also been taken into consideration (Masi et 
al., 2002; Grismer et al., 2003; Mulidzi, 2007, Vymazal, 2014). CW can assimilate large 
variable flows and organic loadings, neutralizing pH, and, due to its low maintenance and 
operational costs, makes them an attractive treatment system for moderately sized wineries. 

In the last two decades, CWs have been successfully applied to different kind of effluents, 
including wastewater from petrochemical industry, food industry (meat processing, dairy
industry, fruit and vegetable canning), forestry, winery and distillery, textile, tanning,
aquaculture, metal finishing and mining, among others (Vymazal, 2014; de la Varga et al., 
2016). The application of wetland systems for the treatment of wineries wastewater started in 
around 2000s in the USA, France, Italy, Germany, Spain and South Africa. Nowadays, there 
are, for instance, about 100 CW systems operating in Northern and Central Italy for wineries 
wastewater (Masi et al., 2015). The surface loading rates (SLRs) applied to the 13 CW systems 
reviewed by Masi et al. (2015) ranged from about 30 up to about 5,000 g COD/m2 d, with the 
80th percentile of the reported values being below 297 g COD/m2 d and the median at 164 g
COD/m2 d. The highest SLR values have in all cases been measured during the peak season 
(vintage) and often linked to lower surface removal rates (SRRs). Percentage removal rate 
showed a high variability, ranging from 49% to 99%. Single stage CW, horizontal subsurface 
flow beds in most cases or also vertical subsurface flow beds are used for smaller size wineries 
whilst for the bigger wineries instead the more adopted solutions are combinations of wetland 
systems (called multistage treatment wetlands) or combinations of CWs with other 
technologies, like anaerobic digestion systems or aerobic biological treatments (Masi et al., 
2015).

Among the main problems in processing winery wastewater, Masi et al. (2015) listed variable 
pH and low nutrient content and consequent unfavorable C/N ratio for the microbial growth.
Wallace and Liner (2010) indicated that a key index which appears to control wetland treatment 
effectiveness is the availability of sufficient nutrients to allow adequate growth of microbial 
communities in response to pollutant loadings. The positive effect of nutrient addition was 
demonstrated in two wetland systems treating a nutrient-deficient waste stream (aircraft deicing 
runoff) in which the treatment performance improved in response to nutrient addition and 
operational problems such as foaming and slime formation were eliminated (Wallace and Liner, 
2010, 2011; Murphy et al., 2014).

Aircraft deicing runoff shows long periods of low BOD5 concentrations followed by sudden 
shock loads caused by a de-icing event lasting for approximately one month (Murphy et al., 
2014). This flow profile is similar to that of most wineries. Masi et al. (2015) stated that a cause 
of some of the different performances observed in CW systems treating winery effluents could 
be the content in nutrients as a limiting factor for the bacterial activity. Because the processes 
in the HF CW are mainly anaerobic and in the VF CW are aerobic and anaerobic bacteria require 
much less nutrients than aerobes, a large negative effect of nutrient shortage can be more
expected in the case of VF CWs than for HF CWs. However, Masi et al. (2015), points out that 
even VF CWs are extensive systems in which the growth and accumulation of biomass should 



be low, and then the need of nutrients should also be low. However, Murphy et al. (2014) found 
high yield ration (0.77-0.90 kg bacteria per kg BOD5) which were typical of technologies with 
rapid growth of bacteria, whilst technologies that rely on very stable and mature bacteria 
populations have lower yield ratios (Wallace and Liner, 2011). Thus, considering the large 
variability of treatment efficiency and surface removal rates in CW systems treating winery 
wastewater and the sudden increase in applied loading rates during the vintage period, our 
hypothesis is that a negative effect of nutrient shortage on the treatment efficiency of CW 
treating this kind of effluents may not be discarded. Low nutrient effects would likely be present 
in the case of VF CWs units treating winery effluents diverted from other wastewater streams 
such as black water from restrooms and nearby households and restaurants. In some cases, these
different kinds of effluents can increase the level of nutrients in the treated wastewater (Serrano 
et al., 2011; Rozema et al., 2016).

The acidity of winery wastewater in particular during vintage can also be considered as another 
factor influencing the performances, even though in most of the experiences examined by Masi 
et al. (2015), the need for chemical neutralization has not been considered. However, Serrano 
et al. (2009, 2011) indicated the possibility of a negative effect caused by the low pH 
values registered, which ranged from 3.3 to 7.2, and reported the use of sodium 

.

This work aims to determine the effect of nutrient shortage and acidic pH during the treatment 
of high organic load wastewater in VF CWs.

MATERIAL AND METHODS
Two lab columns (VF1 and VF2 units) of 13.9 cm diameter were used as VF CW systems. The 
effective height was 50 cm, consisting of an upper layer of 5 cm of 0.25-2 mm sand, a main 
filtering layer of 35 cm of 4-8 mm gravel, and a 10 cm drainage layer at the bottom of 8-16 mm 
gravel. FV units were fed intermittently by pulses each 3 hours for 4 days with rest periods of 
3 days a week. Both columns were planted with Phragmites australis and monitored during 
subsequent operational periods with and without nutrients in the influent (VF1) as well as with 
an influent pH of 6.5 and 4.5 (VF2). 

The influent entered the VF units over the filtering medium by means of a peristaltic pump 
(Dinko Instruments D-21V) in an intermittent mode and drained by gravity to the bottom of the 
column and from there to a receiving tank. The units were operated without resting (12 pulses 
per day) during start-up period and, onwards, with a week regime of 4 days feeding and 3 days 
resting (8 pulses per day). The infiltration rate was periodically determined in both columns.
For this, the effluent flow was measured for an entire dosing cycle in order to obtain the effluent 
flow profile and derived parameters, particularly the mean retention time (tm), defined as the 
time required to drain off the 50% of the wastewater volume added in a feeding pulse.

Total suspended solids (TSS), chemical oxygen demand (COD), biochemical oxygen demand 
(BOD5), total nitrogen (TN), nitrate nitrogen NO3

--N, ammonia nitrogen (NH4
+-N) and 

phosphates (PO4
3--P) were determined in weekly composite samples. Besides, in situ 

measurement of pH, dissolved oxygen (DO) and oxidation-reduction potential (ORP) was 
carried out. Allylthiourea was used as a nitrification inhibitor in BOD5 assays. Analytical 
methods were carried out in duplicated as described in Standard Methods (APHA, 2005). An 
integrated pH & redox 26 Crison electrode was used for pH and ORP determination, a selective 
electrode (Crison 9663) for ammonia and a YSI ProODO electrode for DO. The determination 
of NO3

--N was made in a Biochrom Libra S6 spectrophotometer following the second 
derivative method of the UV absorption spectrum (APHA. 2005). To analyze TN, samples were 



first digested with potassium persulfate to oxidize all the nitrogenous compounds to NO3
- and 

after that the nitrates were determined by spectrophotometry. 

To prepare the synthetic feed, red wine and white vinegar have been used as sources of organic 
matter, whose COD concentrations were 203 g/L and 71 g/L, respectively. These components 
as well as sources of macro and micro nutrients were added as indicate in Table 1 to prepare a 
concentrate stock solution. From several considerations about the requirements of N and P for 
bacterial growth and typical biomass yields in CWs (Henze et al., 2002; Wallace and Liner, 
2011), a COD/N/P ratio of 250/7/1 was used as reference for non-limitation of nutrients. The 
concentrated was first diluted with distilled water to the required concentration and the pH was 
regulated to circa neutral (6.5-7.0) or acidic (4.5) values, as required. On the other hand, 
nutrients were not added to the VF1 unit during some operational periods.  
Table 1. Concentrate stock solution composition for synthetic wastewater preparation. 

Compound Added amount

Red wine (mL/L) 33

White vinegar (mL/L) 188

NH4Cl (mg/L) 2140

MgHPO4·3H2O (mg/L) 220

K2HPO4·3H2O (mg/L) 290

Peptone (mg/L) 300

FeSO4·7H2O (mg/L) 100

CaCl2 (mg/L) 100

Cr(NO3)·9H2O (mg/L) 15

CuCl2·2H2O 10

MnSO4·H2O 2

NiSO4·6H2O 5

PbCl2 2

ZnCl2 5

RESULTS AND DISCUSSION

Start-up and operation of VF units treating high strength winery wastewater 
The operational characteristics of the VF units are shown in Tables 2 and 3. The start-up period 
lasted 43 days and was followed by a reference period of 2-3 weeks in which both columns 
operated in the same conditions. Subsequently, VF1 unit was subjected to nutrient shortage and 
VF2 unit to low pH for about 2 months of operation (Table 2). The influent COD concentration 
was established in the range of 1500 to 2100 mg/L, which was considered representative of 
winery wastewater during harvesting and wine making periods (Serrano et al., 2011).  

During the start-up period, both columns were fed with a high hydraulic loading rate and so 
with a high surface loading rate, which averaged 133±13 and 172±44 g COD/m2·d for VF1 and 
VF2 CW units, respectively. The higher SLR applied in VF2 in relation to VF1 can explain the 
higher effluent concentration in COD and BOD5 and the slightly lower COD and BOD5
percentage removal in VF2. In any case, COD removal was high, reaching 88% in VF2 and 
95% in FV1, whilst BOD5 removal was approximately 97% in both cases.  



Nutrient removal was high during the start-up period, reaching 86-89% removal of ammonia 
and total nitrogen, and 60% to 76% of phosphorus. Nutrient SLR were relatively high meaning 
that the columns removed about 3.5-4.5 g TN/m2·d. Accounting up for COD and TN removal, 
the performance of both VF units is indicative of high oxygen transfer rates (Torrijos et al., 
2016). During start-up, a large part of the removed nutrients had probably been used for biomass 
growth, as suggested by estimation of biomass yields and required nutrient availability in 
similar conditions (Murphy et al., 2014). Nutrient limitations have not been observed because 
the effluent of both columns still contained sufficient nitrogen and phosphorus compounds 
(Table 3).  

DO concentration and ORP was about 6 mg/L and 90 mV, respectively, at the end of the start-
up period of both columns. Mean effluent BOD5 ranged from 34 mg/L (VF1) to 42 mg/L (VF2) 
indicating that both columns were slightly overloaded. The flow profile of each feeding pulse 
showed a mean retention time ranging from 5 to 10 min (Fig. 1). However, VF1 column 
suddenly increased the pulse mean retention time to approximately 30 min (day 39 of 
operation), indicating a risk of flow clogging. Two measures have been applied in order to 
improve operation and reduce the risk of clogging. The feeding regime was changed by
introducing resting periods, the columns being fed on a 4 days feeding and 3 days resting, on a 
week basis. In addition, the influent concentration was reduced as indicated in Table 2, reducing 
the SLR to 111±6 g COD/m2·d and 67±4 mg BOD5/m2·d as mean values for both columns since 
the end of the start-up period to the end of operation period. In this way, during periods II to IV 
(Table 2) both columns received similar and constant HLR and SLR (COD and BOD5) which 
were only 2.4% higher in VF1 in comparison to VF2.  

Fig. 1. Evolution of mean retention time (tm) in both VF units over the operation time (the VF1 point into brackets 
was not included in the regression fit).  

The flow profile was similar in both units throughout the entire period of operation (Fig. 1), but 
tm increased steadily over the operation time. After approximately 100 d of operation, tm reached 
40 min and the columns began to experience clogging episodes revealed by more prolonged 
flooding of the surface after a feeding event. This situation coincided with a strong increase of 
suspended solids content in the effluent of both units (Fig. 2A). In addition, a clear, although 
limited, decrease in DO content took place (Fig. 2D). Effluent TSS was lower in VF1 than in 
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VF2 during the first three months of operation but onwards became higher. In overall, effluent 
concentration of TSS was higher than influent concentration and probably corresponded to the 
washout of active biomass. Washed TSS were mainly volatile and contributed to an increase in 
COD and BOD5 in the effluent (Fig. 2B and C). 

The effect of nutrient shortage on the VF unit performance
The shortage of nutrients in the influent reduced both the effluent concentration and the 
percentage removal of nitrogen and phosphorus, but the effect on COD and BOD5 was 
negligible (Table 3). SS concentration in effluent ranged from 10 to 30 mg/L, being not affected 
by the changes in nutrient content or pH, but by the operation time as discussed in Section 3.1. 
Table 2. Characteristics of the synthetic winery wastewater fed to both CW units.

Period (CW) pH TSS COD BOD5 TN NO3
-N NH4-N PO4-P Qv 

VF1 
Qv 

VF2 

I) Start-up (VF1, VF2) 6,9 23 2128 1290 64,4 3,8 64,4 9,3 964 1247

II) Reference (VF1, VF2) 6,5 18 1573 954 47,6 2,9 47,6 6,9 1093 1026

III) Low nutrients (VF1)a 6,5 18 1573 954 3,4 2,6 2,0 0,7 1090 -

IV) Low nutrients (VF1)a 6,5 5 1573 954 1,6 2,0 2,0 0,6 1087 -

III) Low pH (VF2) 4,5 18 1573 954 47,6 2,9 47,6 6,9 - 1079

IV) Reference pH (VF2) 6,5 18 1573 954 47,6 2,9 47,6 6,9 - 1132

Concentration in mg/L, except pH. Qv in mL/d. a The synthetic wastewater contained only wine, vinegar and 
peptone (Period III) or only wine and vinegar (Period IV).

Significant differences were not found for effluent COD from VF1 at period III (without 
nutrient addition) with respect to period II of both VF1 and VF2 nor with respect to period III 
of VF2. Although effluent COD from VF1 at period III (also without nutrient addition) was 
higher than effluent COD from VF1 at period II, this can be attributed to the TSS washout due 
to partial clogging of filtering media (as discussed in Section 3.1) and not to the effect of the 
lack of nutrients. In fact, effluent COD from VF1 at period III was not statistically different 
from effluent COD of VF2 at period IV (with nutrient addition and circa neutral influent pH). 
In this way, the mean COD and BOD5 removal during an operation period of about 2 months 
with high organic load (1573 mg COD/L, 954 mg BOD5/L) and very low nitrogen and 
phosphorus load (below 3 mg N/L and 1 mg P/L) remained above 93 and 97%, respectively, 
and very close to those of reference period.   

The change of the influent with nutrients to the influent without nutrients had a reduced effect 
on the effluent concentration of nitrogen and phosphorus compounds because this concentration 
was already very reduced due to the efficient removal in the reference period. The effluent 
concentration of nutrient compounds still decrease during period III and positive removal 
percentages were maintained. However, during period IV, mainly during the last days of this 
period, the increase in effluent TSS (Fig. 2A) was accompanied by a slight increase in nutrient 
concentration which led to negative removal percentages during period IV of VF1 (Table 3). 

Murphy et al. (2014) pointed out that the metabolic response of heterotrophic bacteria growing 
under nutrient-limited conditions is to produce an excess of polysaccharide slime, which can 
result in reduced hydraulic performance. In this situation, an increase of viscosity occurs. 
However, in our study, effluent viscosity was low, being only 7% (VF1) and 3% (VF2) higher 
than that of distilled water at period IV. Richard (2003) stated that checking for nutrient 
deficiency is to be sure that some ammonia or nitrate and ortho-phosphate remain in the effluent 
at all times, and recommended effluent total inorganic nitrogen (ammonia plus nitrate) and 
ortho-phosphate concentrations of 1-2 mg/L to ensure sufficient nutrients. Following these 



criteria, nutrient deficiency did not occur in this study during the treatment of low nutrient 
wastewater. In fact, effluent concentration of inorganic nitrogen and ortho-phosphate still 
increased during the last days of period IV (VF1) probable due to nutrient recycling in the 
filtering bed. 
Table 3. Effluent concentration and removal efficiency of the VF1 and VF2 columns. 

VF1 VF2

Period I II III IV I II III IV

Operation days 0-43 44-59 60-80 81-124 0-43 44-65 66-113 114-128

pH 7.37±0.12 6.93±0.26 7.0±0.13 7.18±0.14 7.36±0.12 6.9±0.24 5.64±0.25 7.05±0.07

DO (mg/L) 4.24±2.25 7.35±0.46 8.75±0.57 8.01±1.8 4.02±2.62 6.81±0.94 8.43±1.06 7.26±0.27

ORP (mV) 94.0±50.9 151±22 164±23 206±18 83±57 131±39 298±22 193±26

TSS (mg/L) 27±10 11±4 13±2 48±38 33±9 18±5 17±4 101±72

COD (mg/L) 102.2±42.9 b 40±16 a 47±8 a 106±58 b 261±144 c 48±22 a 37±16 a 158±75 b,c

BOD5 (mg/L) 34.0±nd 15±7 15±5 27±12 41±8 10±8 9±7 32±nd

TN (mg/L) 9.2±1.9 2.8±(nd) 1.4±1.1 2.1±1.7 8.3±1.8 3.2±1.6 28±3.9 d 17.5±11.3

NO3
—N (mg/L) 1.2±1.7 0.5±0.6 0.4±0.7 0.4±0.6 nd 1.5±0.6 3.5±0.5 1.3±0.6

NH4
+-N (mg/L) 7.3±2.2 5.8±2.0 2.4±1.4 3.1±1.0 8.6±4.9 4.9±2.3 37.7±0.8 d 5.6±3.6

PO4
3—P (mg/L) 3.8±3.3 1.7±0.2 0.6±0.4 0.7±0.3 2.3±1.4 2.7±0.7 2.2±0.4 6.3±1.9

Removal

COD (%) 95.2±1.3 97.4±1.0 97.0±0.5 93.3±3.7 87,7±6.8 97,0±1.4 97,7±1.0 90.0±4.8

BOD5 (%) 97.4±1.0 98.4±0.7 98.4±0.5 97.1±1.3 96,8±0.6 99,0±0.9 99,1±0.8 96.6±nd

TN (%) 85.7±3.0 92.5±6.2 58.8±33.6 -32±107 87,2±6.8 93,2±3.3 41,2±8.2 63.3±18.1

NH4
+-N (%) 88.7±3.4 87.7±4.3 17.5±10.6 -54±52 86,6±7.7 89,6±4.7 20,8±1.6 88.3±21.1

PO4
3--P(%) 59.4±34.8 75.8±3.1 10.9±66.2 -19.8±54 75,9±14.8 60,7±10.4 68,4±6.5 9.4±33.4

a,b,c Statistical analysis of effluent COD (pair comparison through one-way ANOVA): different letters indicated 
statistically differences between mean values. d Steady state concentrations achieved 3 weeks since influent pH 
reduction.

In this work, a COD/N/P ratio of 250/7/1 was used for the start-up and reference periods (I and 
II for VF1), which corresponded to a potential biomass yield of 0.66 g biomass/g BOD5
(assuming BOD5/COD ratio of 0.5 and 8.5 N of cell composition). During low nutrient periods 
(III and IV), the COD/N/P ratio increased up to 7500/7/2.5 (potential yield of 0.02). Although 
the COD/TN ratio in the influent was very low, the small amounts of nutrients available in the 
synthetic winery wastewater in combination with nutrient recycling in VF1 CW appear to be 
sufficient for efficient treatment. On the other hand, if nutrients were to be added, the required 
amounts would be much lower than those proposed by Murphy et al. (2014) for CWs treating 
aircraft de-icing runoff, who indicate nutrient dosing for a yield of 1.0.  

According to de la Varga et al. (2016), winery wastewater should not be diverted from other 
wastewater streams generated in the winery in order to guarantee a minimal level of nutrient 
availability. In fact, different kind of effluents can increase the level of nutrients in the treated 
wastewater (Serrano et al., 2011; Rozema et al., 2016).

The effect of low pH on the VF unit performance
The operation at low pH of 4.5 (period III, VF2) did not reduce the COD, BOD5 and phosphate 
removal efficiency (Table 3). Significant differences were not found for effluent COD from 



VF2 at period III (influent pH of 4.5) with respect to period II (influent pH of 6.5) of both VF1 
and VF2. High percentage removals of 97-98% (COD), 99% (BOD5) and 61-68% (PO4

3--P)
were obtained at both influent pH values of 6.5 and 4.5.  

Fig. 2. Evolution of VF1 and VF2 effluent concentration of TSS (A), COD (B), BOD5 (C), DO (D) and VF2 
nitrate and ammonia concentration (E). 
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These results are in accordance with the suggestion of Serrano et al. (2011). From 
multivariate analysis applied to a hybrid CW system treating winery wastewater on a 
field scale, these authors found that the long-term effect of low pH on the treatment 
efficiency (COD and BOD5) was insignificant. pH effect on the performance of 
horizontal subsurface flow CWs was also discarded by de la Varga et al. ( 2013). 

However, low pH clearly reduces ammonia and total nitrogen removal (Fig. 2E). Effluent 
concentration of ammonia in VF2 showed a continuous increase during approximately 3 weeks 
after lowering the influent pH and then remained stable for the rest of period III. TN followed 
the same trend of ammonia, whilst nitrate suffered an initial increase up to 7 mg N/L and 
progressively decreased to 3.5 mg N/L. In spite of the reduction of nitrification, effluent nitrate 
during period III was higher than during period II and period IV (Table 3). In addition, ammonia 
removal decrease from 90% to 21% and TN removal from 93% to 41%. Thus, low influent pH 
impaired both nitrification and denitrification process. These effects of acidic influent pH 
occurred in spite that the effluent pH was kept above 5.5 (mean value of 5.64±0.25 during 
period III of VF unit, Table 3). This behaviour is typical of CW systems treating winery 
wastewaters. CWs have the capacity to increase the winery wastewater pH in some extension. 
For example, Serrano et al. (2011) reported a pH increase from 5.0±1.2 to 6.0±0.9 when treating 
winery wastewater at high SLR. 

The fact that pH increases or decreases during wastewater treatment depends not only on the 
pH of the influent but also on the nature and extent of conversion processes in the CW. Treating 
domestic wastewater, VF CWs clearly enhance nitrification in comparison to horizontal flow 
CWs, but nitrate trend to accumulate in the final effluent and limit TN removal. Limited 
nitrogen removal was due to the pH decrease to approximately 4.5 which impaired both 
nitrification and denitrification in a two-step VF+VF CWs system (Torrijos et al, 2016). These 
authors reported that maintaining effluent pH above 6 through alkalis addition clearly increased 
nitrification and TN removal. 

As indicated by Masi et al. (2015), potential effects of acidic influent pH on the efficiency of 
CWs treating winery wastewater remain unknown. Reports on this subject for other kind high 
organic load wastewater are scarce. Similar to winery wastewater, woodwaste leachate was 
characterized by high oxygen demand, tannin and lignin, and volatile fatty acids (VFAs), but 
low pH and nutrients. During woodwaste leachate treatment in CWs, nutrient addition and pH 
adjustments helped to improve contaminant removal (Masbough et al., 2005). Closer to neutral 
pH circumstances, along with higher mean temperatures during the warmer period of year, 
favoured microbial activity. Besides, Lattrie et al. (2005) reported that a CW treating multiple 
livestock wastewaters was not capable of reducing high levels of pollutants from the high 
strength silage leachate and its low pH. However, the results of the present study clearly indicate 
that an acidic influent of 4.5 pH did not impair the organic matter and phosphorus removal, 
whilst nitrogen removal rates appeared clearly reduced. This fact must be taken into account 
when operating CW systems that treat combined winery and another type of wastewater 
containing large amounts of nitrogen. As highlighted by Masi et al. (2015), this is a frequent 
situation in many small wineries in Europe.  

In the present study, the negative effects of low influent pH were progressively overcome in a 
short 10 day period after influent pH increase as indicated by the results of period IV VF2 
(Table 3). 

CONCLUSIONS
One-step VF CW units receiving influent COD concentration in the range of 1500 to 2100 mg/L
reached percentage removals of 88-98%COD, 96-99% BOD5, 59-93% total nitrogen, 87-90%



ammonia and 59-76% phosphorus at high surface loading rate which ranged from 110 to 172 g
COD/m2·d. Typical nutrient shortage of winery effluents and low pH do not affect the removal 
efficiency of COD and BOD5. The VF CW unit receiving an influent with a COD/N/P ratio 
3500-7500/7/2.5 for a period of 2 months (approximately the length of peak loading of winery 
wastewater) maintained reduced but steady nutrient concentrations in the effluent due to the 
low biomass yield and nutrient recycling, which contributed to maintain the high treatment 
efficiency. However, low pH clearly produced high ammonia concentrations if nitrogen is 
present in the influent.  
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Introduction

Until 1980’s, in Japan, water pollution phenomena in river and dam reservoirs had been not 
occurred in the mountain region. However, recently even in an altitude more than 500m of the 
mountain area, the serious water pollution is occurring (Tokyo Waterworks, 2011). We 
construct a hypothesis that the main reason of the water pollution is feeder rivers wastewater of 
the fish farm. We investigated the 16S Metagenomic analysis for the microbe group of the fish 
farm along river. The catchments area of water conservation forests for this study is located 
Kanto mountain aria covering west end Tokyo and east end Yamanashi. The Okutama dam 
reservoir is made lake and has four major feeder rivers, which are Taba, Ushiroyama, Kosuge, 
and Minetani. The total catchments area is 262.9km2 and four rivers occupied 88.2% of the total 
river basin. 

Material and Methods

16S rRNA gene amplicon sequencing for Genomic DNA was extracted from each sample of 
environmental points with MagDEA DNA 200 Precision System Science CO., Ltd, USA
according to manufacturers protocols. A 16S rRNA library preparation was performed 
according to 16S Metagenomic Sequencing Library Preparation protocol from Illumina 
(Illumina, 2016). Briefly, the V3-V4 hyper-variable regions of the 16S rDNA gene were 
amplified from purified genomic DNA with using primers attached overhang adapters. The 
monthly water quality survey data submitted by the Tokyo metropolitan bureau from 1977 to 
2010 was used for water quality (Tokyo Waterworks, 1977 - 2011). 

Results and Discussion

Figure 1 shows the loading rate of total nitrogen (TN) in four feeder rivers. Figure 2 shows that 
of total phosphor (TP). Each loading rates calculated by total load of four feeder rivers defined 
100. As shown in Figure 1 and 2, more than 40% of nutritive salts loading are occupied by
Kosuge Rivers. There are five fish farms along Kosuge river.
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Figure 1. Runoff rate of TN in four inflow rivers

Figure 2. Runoff rate of TP in four inflow rivers

Figure 3. 16S Metagenomic analysis by wastewater of the fish farm

Figure 3 shows the 16s rRNA gene amplicon sequencing about wastewater of the fish farm. 
Flavobacterium (Flavobacterium terrae strain R2A1-13 16S ribosomal RNA gene, partial 
sequence and Flavobacterium plurextorum stain 1126-1H 08 16s ribosomal RNA, partial 
sequence) that causes cold water disease was 13% of the whole. These results suggested that 
fish farms are not only related to the water pollution of the rivers, but also have a direct influence 
on the growth of aquatic life.
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Novel materials for catalytic ozonation of wastewater for disinfection 
and removal of micropollutants 

Petr Kolosov, Viviane Yargeau, Francois-Johan Chassing 
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ABSTRACT 

This work aimed at the identification of novel materials to be used for the treatment by catalytic 
ozonation of wastewater to improve the removal of micropollutants and disinfection. Selection of 
the tested materials was based on their commercial availability, composition including elements 
known to have catalytic effects, and economic viability for use in the small and medium size 
treatment plants.  Polonite®, wollastonite, zeolite, TiO2-Al2O (8%/92%) were selected and tested 
in comparison to ozonation alone for the removal of contaminants of emerging concern (CECs) 
such as atrazine, ibuprofen, naproxen and gemfibrozil, as well as for disinfection based of E. coli. 
Synthetic wastewater was used to mimic municipal secondary effluent while obtaining constant 
and reproducible treatment conditions. Zeolite and wollastonite did not significantly promote 
disinfection and CEC removal in the range of conditions tested. TiO2-Al2O3 provided significant 
improvement for both selected criteria - disinfection and CECs removal – when compare to the 
same ozone doses used in absence of the catalyst. Polonite® did not enhance the removal of CEC 
but lead to higher E. coli inactivation. These results suggest that both materials can act as catalyst 
and would lower the ozone dose required to reach the target disinfection in comparison to 
ozonation. We are currently continuing research with Polonite® and TiO2-Al2O3 to investigate 
kinetics, mechanisms of action and reusability. 
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INTRODUCTION / MAIN METHODS 
Membrane fouling remains the main drawback to wider application of MBR technology in 
decentralized wastewater treatment (Hai et al., 2014). All known physical, chemical and 
biological prevention strategies require representative and continuous evaluation of MBR 
system performance. Conventional laboratory approach, based either on monitoring of trans-
membrane pressure development during filtration at constant flux or flux decrease at constant 
pressure, together with chemical and biological indicators, does not suit needs of full-scale or 
pilot systems, where separation process is being run in cycle, when filtration phase alternates 
with relaxation, backwash with permeate or chemically enhanced backwash. Large-scale 
industrial MBR plants are monitored comprehensively and continuously supervised by 
qualified staff, which takes decision about acceptable hydraulic parameters, energy 
consumption and cleaning frequency. Both approaches are not suitable for small MBRs, 
intended for decentralized wastewater treatment, where qualified staff is involved during 
installation and commissioning at best.

Thereby, the objective of the present work is to define performance indicators of the membrane 
separation process in submerged MBR, which can be monitored during continuous run of small 
decentralized wastewater treatment system and interlinked with chemical and biological 
parameters into performance evaluation protocol. 

Material and Methods 

The experimental plant has a design of submerged MBR in external configuration, with separate 
biological and filtration tanks, connected by overflow (Figure 1).  

Figure 1. Pilot-scale experimental setup.



Ceramic-plate microfiltration membranes with 0.1 μm pores were applied (Cembrane, 
Denmark). Three membrane modules with total filtering area of 0.828 m2 were connected in 
parallel to the peristaltic pump. Membranes were aerated from the bottom diffuser with oxygen 
excess. Biology was inoculated with sludge from municipal wastewater treatment plant 
(BEVAS, Oslo). Pre-screened wastewater was supplied at 0.3 m3/d and obtained by mixing 
10% black and 90% grey water. Black water is the wastewater discharged from toilets, while 
grey water is the washwater – all wastewater except for toilet wastes and food wastes from 
garbage grinders. The mixture was characterized by TSS 0.03…1.27 g/L, 
COD 99…342 mgO2/L. Inlet mixture was obtained from the wastewater fractions originated 
from student dormitories that are equipped with source separating sanitation and vacuum toilets
(Todt et al., 2015). 

Mixed liquor (ML) was characterized by MLSS, sludge volume index (SVI) and relative 
hydrophobicity (RH), analysed periodically according to SMWW (22nd edition). Flow in 
permeate line, and transmembrane pressure (TMP) were measured with flow and pressure 
sensors (Krohne) and logged every second to PLC together with filtration cycle settings. 

MAIN RESULTS AND CONCLUSIONS
Obtained permeate flows were recalculated to membrane flux J, LMH (1), normalized to 20 oC
as JN (2) and used to calculated normalized permeability PN (3) and the fouling rate dPN/dt (4): = ,  (1) = ( . ( ))  (2) =   (3) =  (4)

where F is permeate flow, L/h;  is the active filtration surface, m2.

Data arrow of hydraulic parameters was statistically treated and 8 representative filtration 
cycles for each day were selected for further analysis. For each cycle, a set of average initial ( , , ) and final parameters ( , , ) has been calculated, excluding
ramp and relaxation periods of the peristaltic pump. The following plots were acquired 
(Figure 2-4).

Figure 2. Development of TMP and the change of biomass characteristics in time.

Figure 3. The change of normalized permeability and mixed liquor parameters over time.
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Figure 4. The development of fouling rate and mixed liquor parameters over time.

Recovery of permeability was in the range 88…126%. 

The characteristics of activated sludge and their change over time in the separation chamber 
were monitored to establish the correlation between them and the filtration performance 
(Table 1).  

Table 1. Parameters of the mixed liquor in separation chamber

Parameter MLSS (g/L) dMLSS/dt
((g/L)/day

SVI (mL/g) dSVI/dt 
((mL/g)/day)

RH, (%) dRH/dt

Value 5.0…6.50 -0.61…2.06 118…272 -91…57 20.5…61.5 -27…35

According to multiple regression analysis the characteristics of mixed liquor exhibited poor 
correlation with the indicators of fouling development: Pearson coefficient R2=0.52 
(TMP=f(xi)), R2=0.50 (Pn=f(xi)), R2=0.35 (dPn/dt=f(xi)).

Meanwhile, the monitoring of the changes in MLSS and SVI has still remained an essential part 
of the protocol since they reflect the biomass activity. These indicators were used to adjust 
system settings (RAS pumping intensity, the frequency of desludge), which allowed to maintain 
the stability of the system operation and, hence, the permeate quality: MBR installation assured 
98.4…100% MLSS elimination and 66.7…89.6% treatment efficiency in terms of COD 
removal.

Obtained results show that developed protocol allows the evaluation of the performance of 
small wastewater treatment MBR system, simultaneously accounting treatment efficiency 
parameters, standard membrane filtration characteristics, fouling development indicators (TMP, 
Pn, dPn/dt) and membrane cleaning efficiency (permeability recovery). This approach allows 
maintaining the system within stable operation range and treatment efficiency independently 
from fluctuations in membrane separation part. 
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INTRODUCTION / MAIN METHODS
In the last years humanity is faced with the problem of water pollution, an issue that threatens 
people's health and also degrades the quality of life. According to the World Health 
Organization (WHO), globally, 663 million people rely on sources of questionable quality and 
at least 1.9 billion people use a drinking-water source contaminated by the discharge of 
biological effluents. At the same time, the growth of the world population is accompanied by 
an increase in industrial, agricultural and recreational activities, leading to increased demand 
for fresh water. For this reason, in the next few decades, access to clean fresh water sources 
will be a serious global problem (Rodríguez-Chueca et al. 2014). Water is an essential 
resource for survival of all living creatures. Safe and sufficient quantity of water is necessary 
for a healthy growth. A third of the world's population is facing some form of water scarcity 
(Ghaitidak & Yadav 2013); a worldwide problem, even in places that were traditionally 
conceived as water ample regions (Europe, Japan, etc.), which needs to be prevented with 
several actions to guarantee the water supply for all the people. 

The marked depletion of fresh water resources along with continuously escalating climate 
changes and extended pollution of the aquatic environment, render sustainable water 
management an essential need. Given the worldwide water scarcity and future demands, the 
debate on the utilization of recycled wastewater as an alternative water source is gaining 
increasing attention. Wastewater recycling is emerging as an integral part of water demand 
management. The primary purpose of the reclamation and reuse of water is to draw water 
directly from non-traditional sources, such as industrial or municipal wastewaters, and to 
restore it to higher quality (Shannon et al. 2008). Wastewater reuse may provide a new and
stable source of water for agriculture, industrial processes, and some domestic uses that do not 
require potable water. The potential benefits for agriculture, environmental preservation, and 
energy conservation may be even more important (Rodríguez-Chueca et al. 2014). Urban 
wastewater contains a great diversity of chemical pollutants and pathogens, and it includes a 
large amount of organic matter, all of which must be removed or transformed into harmless 
compounds. 

During the current economic crisis in Greece, the consumption of psychoactive substances has 
risen significantly, resulting in an increase in their concentration in urban wastewater
(Thomaidis et al. 2016). The presence of psychoactive substances and/or their metabolites is 
confirmed, not only in urban wastewater, but also in aquatic plants and animal tissues (Chu & 
Metcalfe 2007; Metcalfe et al. 2010; Rodayan et al. 2016), underlining the possible 
consequences for human health and ecosystems balance. According to scientific reports, the 
removal of these substances from sewage treatment plants is often incomplete, as the 
biological treatment that has been adopted as the best available technology only provides 
partial removal. In order to solve various problems encountered by conventional methods for 



the degradation of xenobiotics in water and liquid wastes, many researchers have turned their 
attention to a particular group of oxidation techniques called Advanced Oxidation Processes 
(AOPs). AOPs include heterogeneous and homogeneous photocatalytic oxidation which has 
emerged as a highly effective and environmentally friendly technology for water and 
wastewater decontamination. At the same time, this method has the potential to utilize solar 
energy, thus integrating mild energy into the process of protecting the environment. 

The aim of this work was the application of the preceding methods at the degradation of
psychoactive drugs contained in urban wastewater, in order to provide a further insight to 
oxidation kinetics (i.e. determination of factors affecting oxidation rate) and estimate 
mineralization degree towards the corresponding oxidation process. Subsequently, 
photocatalytic oxidation method was applied to simulated wastewater loaded with 
psychoactive drugs under artificial and solar illumination, so that process effectiveness unto 
urban wastewater mineralization and reuse could be evaluated. In addition, phytotoxicity 
testing was carried out to investigate the possibility of reuse of treated wastewater in 
applications such as irrigation. 

Bench-scale experiments were performed in a thermostated pyrex cell of 0.25 L capacity. The 
reaction vessel was fitted centrally with either a UV-A or visible, 9W light of identical 
dimensions and geometry. The photocatalytic reactor was covered with a black cloth to avoid 
interactions with ambient light. The artificial light sources were an Osram Dulux® S blue 
UV-
Solar experiments were conducted in an open pyrex glass cell of 0.2 L capacity with 
continuous magnetical stirring under natural sunlight during the spring-summer season (May-
June) from 12.00 to 16.00 pm. A Solar Light Company PMA2100 UV radiometer was used 
during the experimental runs in order to determine the intensity of the solar illumination. 

Sample absorbance was scanned in the 200-400 nm wavelength region on a Shimadzu UV-
1700 spectrophotometer. Changes in sample absorbance were monitored to assess the extent 
of degradation that had occurred during photocatalytic treatment. Mineralization was followed 
by measuring the dissolved organic carbon (DOC) by direct injection of filtered samples into 
a Shimadzu VCSH Total Organic Carbon Analyzer. 

MAIN RESULTS AND CONCLUSIONS
In the present work the photocatalytic degradation of two psychoactive drugs that exist in 
urban wastewater, duloxetine (DLX) and fluvoxamine (FVX), has been demonastrated. At 
heterogeneous photocatalytic oxidation, with the use of TiO2 P25 as photocatalyst under UV-
A illumination, total degradation and mineralization of the organic molecules occurred after 1 
and 2 h, respectively. Degradation rate and DOC removal increased with the increasing 
catalyst dosage from 0.1 up to 0.75 g L-1.

The next step of this study focused on enhancing the photocatalytic reaction by adding H2O2
at different concentrations to the initial solution. The addition of electron scavengers to TiO2
suspensions is a well-known and extensively studied procedure and in many cases leads to an 
acceleration of the rate of the photocatalytic degradation of a variety of organic pollutants.
The effect of hydrogen peroxide addition on the degrdation of DLX and FVX was studied 
under various amounts of H2O2 i.e. 0.025, 0.05, 0.075, 0.1, 0.15 and 0.2 g L-1. The 
photocatalytic efficiency increased as the concentration of H2O2 was increased until a certain 
value (0.075 g L-1). Further increment of H2O2 dosage led to a decrease in the reaction rate.

In an attempt to enhance the efficiency of the photocatalytic process, ferric ion Fe3+

(FeCl3 2O) was introduced in the reaction solution at different concentrations (i.e. 0.00175, 



0.0035, 0.005, 0.007 and 0.014 g L-1). The amount of ferric or ferrous ion is one of the main 
parameters to influence the Fenton and photo-Fenton processes. In most cases, when the iron 
concentration is increased, the catalytic effect is enhanced, since we have more hydroxyl 
radicals’ production. The increment of ferric ions from 0.00175 to 0.014 g L-1 led to an 
increase on the initial degradation rate until a certain value. Too high concentrations of iron 
can generate dark zones in the photoreactor, because the incident ray is attenuated too 
strongly along the optical path length, reducing, therefore, the process efficiency. 

In the photo-Fenton process, HO• radicals are generated by the reactions of Fe ions with 
hydrogen peroxide and light energy. The increment of ferric ions from 0.00175 to 0.014 g L-1

led to an increase on the mineralization of DLX and FVX photo-Fenton oxidation when the 
solution was illuminated by UV-A or visible light.

The influence of H2O2 concentration on kinetics was investigated by several previous studies 
and the main findings have shown that neither too low hydrogen peroxide concentration 
(leading to a rate reduction of the Fenton reaction) nor too high concentration may be applied 
(H2O2 competes successfully for hydroxyl radicals and becomes decomposed into molecular 
oxygen and water, while oxidizing the pollutant). Usually, however, there is a rather broad 
concentration interval between both extremes, where none of these two phenomena occur.
Increasing the concentration of H2O2 from 0.025 to 0.2 g L-1 an increment in the 
mineralization of both psychoactive drugs occurred. 
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There is too much pressure on natural resources due to increasing population. About 854 million people 
in 46 countries are chronically hungry due to extreme poverty (FAO) and an estimated 2.2 billion people 
are suffering from micronutrient deficiencies. World population could rise by 2 billion in the next 25 
years which requires agricultural production to double. The increased demand for food led to 
intensification and industrialisation of agricultural production which resulted in increased use of energy 
& chemical fertilizers. This pilot study is being carried out in the context of the GIZ/NABARD project “Soil 
Protection and Rehabilitation for Food Security” which forms part of the initiative “One World – No 
Hunger” that was started by the German Federal Ministry for Economic Cooperation and Development 
(BMZ). It is implemented jointly by the National Bank for Agriculture and Rural Development (NABARD) 
and GIZ in seven districts of Maharashtra and Madhya Pradesh in India. The main focus of the proposed 
pilot project is to increase soil fertility by applying Terra Preta (TP) or Phosphate Rich Organic Manure 
(PROM) and compare the crop productivity in comparison with chemical fertilizers or the current 
practices, the farmers practice at selected sites. The produced TP and PROM were tested on Rabi and 
Kharif crops i.e Wheat, Bengal Gram, Onion, Rice, Finger Millet, Blackgram, Soybean in one acre area for 
each crop. The results will be discussed during the conference. 
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INTRODUCTION / MAIN METHODS 

Recover nutrients contained in landfill leachate represent a sustainable way to supply the 
agricultural sector demand these essential resources. The leachate has a high concentration of 
ammonia, toxic to living organisms that must be removed in pretreatment before its disposal. 
During the ammonia removal process, we may have precipitation of struvite (MgNH4PO4
6H2O) (Paixão-Filho et al, 2017). Producing struvite to supply plant nutrients may transform 
waste and leachate into an alternative source to meet the demand for phosphorus-based 
fertilizers (Sigurnjak et al., 2016). However, the quality of the input material will influence 
the agricultural productivity obtained when it is used as a substitute for mineral fertilizers 
(Uysal et al., 2014).

This study aims to evaluate the potential of struvite formed from the chemical precipitation of 
leachate from landfill in the release of essential nutrients for lettuce (Lactuca sativa L.) and 
wheat (Triticum aestivum L.) 

The struvite used was obtained from leachate of the Delta A landfill, located in the city of 
Campinas, São Paulo, by means of precipitation tests using MgCl2+6H2O e Na2HPO4+12H2O.

X-ray diffraction analysis was used to characterize the precipitated material samples. From
these analyses, two samples were selected from the precipitated material: i) Sample with
struvite presence (S), and ii) Sample with presence of struvite and carnallite (SC). Carnallite
(KMgCl3 6H2O) is an important mineral because it can be a source of potassium for plants.

The study was conducted under greenhouse conditions in the School of Agricultural 
Engineering (FEAGRI) at University of Campinas (UNICAMP), Brazil from November 2015
till June 2016. The soil used as a substrate was a eutrophic red argisol, which was collected in
the experimental area of the Department of Sanitation and Environment of the Faculty of 
Civil Engineering, Architecture and Urbanism (FEC), on the campus of UNICAMP, in 
Campinas-SP, Brazil. We collected soil samples from the surface layer (0–0.2 m in depth). 
The samples were air-dried, ground to pass a 2 mm mesh sieve and homogenized. Results of 
soil physical and chemical composition is presented in Table 1.
Table 1. Chemical and physical description of soil used for cultivation of lettuce and wheat.

Chemical characterization
pH(1) P(2) K(2) Ca(2) Mg(2) OM(3) H + Al(4) BS(5) CEC(6) V%(7) Cu(8)Fe(8)Mn(8)Zn(8)

- mg/dm³ mmolc/dm³ g/dm³ mmolc/dm³ % mg/dm³
6.6 16 4.4 105 11 82 24 120.4 144.4 83 3.8 14 5.7 1.8

Physical characterization
Clay (9)

< 0,002 mm
Silt(9)

0,053 – 0,002 mm
Total sand (9)

2,00 – 0,0053 mm
g.kg-1

506 106 388
(1) Calcium Chloride 0.01 mol L-1; (2) Ion exchange resin; (3) Organic matter-oxidation: Na2Cr2O7 4N
+ H2O4 10N; (4) Potential acidity at pH 7.0 extracted with 1 mol L-1 calcium acetate; (5) Base
saturation; (6) Cation exchange capacity; (7) Percent base saturation; (8) Extractor with DTPA
complexing solution; (9) Pipette method (Gee and Bauder, 1986).



The precipitated material containing struvite (S) and struvite + carnallite (SC) were applied to 
the soil and the dosages of the precipitate per pot were determined based on the amount of 
total phosphorus of the precipitate obtained, soil analysis and on fertilization 
recommendations for lettuce and wheat.
Lettuce seedlings containing three to four leaves and pre-germinated wheat seeds were 
transplanted to pots with 1 kg soil capacity. The experiment was conducted randomly with 
eight treatments with four replicates, totaling 32 plots per crop species as presented in Table
2.
Table 2. Composition of the treatments used for the installation of the experiment

Treatments Nutrient source
T0 Control without fertilizers
T1 Mineral fertilizer, NPK (10:10:10)
T2 S applied at half the recommended dose P
T3 SC applied at half the recommended dose P
T4 S applied at the recommended dose of P
T5 SC applied at the recommended dose of P
T6 S applied at twice the dose of P
T7 SC applied at twice the dose of P

At 40 days after transplantation of lettuce and 180 days of wheat sowing, the plants were 
harvested and the number of leaves per plant, fresh masses and number of grains were 
measured. Samples were taken for circulation forced air oven at 65ºC for 48 h to obtain the 
shoots dry matter (SDM).

MAIN RESULTS AND CONCLUSIONS 
Regarding the phytomass production of lettuce plants, it was possible to observe that the 
treatments at the recommended dose (T4) presented similar results to the treatment with 
mineral fertilizer, NPK. Those in T6 (doubled P dose) presented the highest number of leaves 
and a higher phytomass production, and those in T7 (double P dose with SC) presented results 
close to that of mineral fertilizer, NPK (T1) (Figure 1A).
However, treatments that received SC for wheat showed higher phytomass production (T3, T5 
and T7) and higher grain yield in treatments (T5 and T6) when compared to control 
treatments (T0 and T1). On the other hand, S Treatments T4 and T6 obtained similar and 
superior production in relation to the NPK commercial fertilizer (T1), respectively (Figure 
1B).
Unlike the results found in this work, Ackerman et al (2013) observed that shoot biomass
Canola (Brassica napus L) had a higher phytomass production in the use of mineral fertilizers 
(monoammonium phosphate). According to Vogel et al (2015) the nutrient use efficiency may 
be related to the plant species used. The release of organic acids by the root system of some 
species of plants contributes to improve the release of nutrients applied to the soil by struvite 
(Talboys et al., 2015). In an experiment with maize higher phytomass production was 
observed upon treatment with struvite and this phytomass was superior to treatment with 
mineral fertilizer (Vogel et al., 2015).



Figure 1. Dry matter of shoots and total number of lettuce leaves (A) and wheat grains (B) 
submitted to different doses of struvite and struvite + carnallite. Vertical bar represents the 
standard deviation, n= 4.
Our conclusion is that these results are important to show that struvite and carnallite obtained 
from leachate can be used as sources for plant nutrients, thus helping to lower the costs of 
leachate disposal treatments and promoting the integration among agricultural production and 
soil/ water preservation.
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Introduction

Water is considered an unlimited resource no longer. The potential role of treated wastewater 
reuse as an alternative source of water supply is now well acknowledged and embedded 
within international, European and national strategies (EIP Water, 2012). 

In the last decade, a wide range of technologies for wastewater treatment and reuse has been 
launched to obtain high-quality effluents reusable for multiple purposes. However, many of 
those technologies are not able to remove emerging contaminants (ECs). These contaminants, 
such as pharmaceutical products and their derivatives, are raising concerns due to both their 
biological activity and their non-biodegradability which motivates their bioaccumulation in 
the food chain (for example, in plants in case of irrigation).  

The main objective of 4KET4Reuse project is the validation of four key enabling 
technologies (KET) for the removal of emerging contaminants in reclaimed water and their 
promotion in the market of the SUDOE space. Since the conceptual design of the four 
targeted KETs, sustainability and eco-friendly criteria will be adopted, thus, meaning a 
feasible solution for small and medium size populations.  

4KET4Reuse is financed by the Cooperation Programme Interreg V-B Southwest Europe 
(Interreg Sudoe), approved on the 18th of June 2015 by the European Commission.
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Material and Methods

The work plan of 4KET4Reuse is composed of four technical work packages (WP) and three 
transversal ones (management, communication and monitoring). WP1 aims at defining a 
common framework for the validation of the four targeted KET in the SUDOE space. That 
common approach involves the identification of relevant ECs and the definition of a joint 
validation strategy. WP2 focuses on the design, construction, operation and optimization of 
the targeted KET. The three participating regions and their technological contribution are:

- Andalucía (Spain): filtering systems based on modified clays (nanomaterials) and
biolectrogenic systems.

- Languedoc-Roussillon (France): photo-catalytic systems.

- Lisbon (Portugal): electro-kinetic processes.

4KET4Reuse aims at positioning those innovative processes in a place close to the market, 
breaking down the existing barriers between the academic and water sectors and promoting 
the employment creation in the SUDOE space. For that purpose, not only pilot actions (TRL 
5-6) in the three participating regions are foreseen, but also the definition of business plans
(WP3) and the celebration of workshops for the transference of the main results, among other
capitalisation activities (WP4).

Results and Discussion

According to the information compiled in each participating region in the frame of WP1, a 
total of 30 ECs are considered of special interest due to their concentration and their 
frequency of appearance in wastewater. Those ECs will be employed for the validation of the 
four targeted KET. 

Table 1. List of twelve ECs considered of special relevance in the frame of 4KET4Reuse project

EC Category Frequency of appearance (%)
ES FR PT

Ibuprofen Anti-inflammatory 100 100 89
Atenolol - blocker 100 100 44
Diclofenac Anti-inflammatory 62 100 22
Ketoprofen Anti-inflammatory 29 53 55
Carbamazepine Anticonvulsant 3 72 11
Sulfametoxazol Antibiotics 15 39 11
Claritromicine Antibiotics 6 100 44
Venlafaxine Antidepressant 100 100 -
Salicylic acid Analgesic 100 - 100
Sotalol - blocker 5 100 -
Tonalide Fragrance - 100 100
Trimetoprim Antibiotics 3 100 -
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