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Abstract Water pollution by emerging contaminants has become a major source of 
concern and a priority for society and public authorities. Emerging contaminants are 
a group of natural and synthetic chemicals and biological agents that are not rou-
tinely monitored or regulated in the environment and may have known or suspected 
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adverse effects on the environment and human health. The list of these substances is 
particularly long and includes pharmaceuticals, personal care products and cosmet-
ics, pesticides, surfactants, industrial products and additives, nanoparticles and 
nanomaterials, and pathogens. Many emerging contaminants are released continu-
ously into the environment and can cause chronic toxicity even at low concentra-
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tions, endocrine disruption in humans and aquatic life, and the development of 
antibiotic resistant bacteria. It is therefore necessary to mobilize efforts to protect 
human health and biodiversity.

Two of the main sources of emerging contaminants are wastewater treatment 
discharges and agricultural practices. However, conventional wastewater treatment 
plants have not been designed to remove such contaminants. It is therefore impor-
tant to develop effective treatment methods capable of eliminating the parent emerg-
ing molecules and their metabolites. This is a difficult and challenging task because 
most of emerging contaminants are recalcitrant substances. The methods must also 
target not only water chemicals but also water microbiols in order to reduce and 
eliminate the toxicity and impact of the treated wastewater.

During the past two decades, several physical, chemical and biological technolo-
gies have been proposed for emerging contaminant removal. Each technology has 
its own advantages and constraints not only in terms of cost, but also in terms of 
efficiency, feasibility, and environmental impact. However, among the various treat-
ment processes currently cited for wastewater treatment, only few are commonly 
employed by the industrial sector for technological and economic reasons. Extensive 
research on this topic highlights the growing interest of scientists in developing 
treatment systems that are increasingly effective in removing mixtures of trace pol-
lutants, simple to implement from a technological point of view, economically via-
ble and environmentally friendly, with little or no impact on the environment.

The objective of this chapter is to present the recent state of knowledge on the 
advanced treatments proposed for the removal of emerging contaminants in waste-
water when they are present in trace amounts in wastewater. After general 
 considerations on wastewater treatment plant, the first part is focused on adsorption-
oriented processes using conventional (activated carbon, clays) or non-conventional 
(cyclodextrin polymers, metal-organic frameworks, molecularly imprinted poly-
mers, chitosan, nanocellulose) adsorbents. Biosorbents such as cyclodextrin bead 
polymers have great potential in environmental applications although they are still 
at the laboratory study stage. The second part presents examples of biological-based 
technologies for the degradation and elimination of emerging contaminants. 
Selected biological approaches include constructed wetlands, biomembrane reac-
tors, strategies based on the use of algae, fungi and bacteria, and enzymatic degrada-
tion. The third part briefly presents the membrane filtration strategy that is already 
used as a tertiary treatment. The final part is focused on advanced oxidation pro-
cesses that also represent one of the most promising strategies because of their 
simplicity and efficiency.

Keywords Emerging contaminants · Substances of global concern · 
Pharmaceuticals · Personal care products · Pesticides · Water pollution · Aquatic 
compartments · Wastewater treatment plants · Remediation · Bioremediation · 
Conventional removal technologies · Advanced treatments · Adsorption · 
Biosorption · Cyclodextrin polymers · Constructed wetlands · Membrane 
bioreactor technology · Membrane filtration · Disinfection · Ozonation · Advanced 
oxidation processes · Catalytic ozonation · Non-thermal plasma



1.1  Introduction

Emerging contaminants such as pharmaceuticals and personal care products repre-
sent a new global water quality challenge, with potentially serious threats to human 
health and the environment, including water resources. Indeed, the presence of 
emerging contaminants and biological agents in treated and untreated water has 
received increasing attention because the risk they pose to human health, ecosys-
tems and water resources is not yet fully understood. For example, antibiotics and 
endocrine disruptors are among the best examples of “new” contaminants that are 
known to the public and are of concern. Traces of these substances are being found 
in water resources, including drinking water, throughout the world. Numerous stud-
ies on the presence and behavior of pharmaceuticals in the environment have dem-
onstrated negative effects to aquatic ecosystems and wildlife in general. Another 
worrying phenomenon is the emergence of antibiotic resistance. Overuse of antibi-
otics has encouraged the development of antibiotic-resistant strains. Antibiotic 
resistant bacteria and antibiotic resistance genes pose a public health concern when 
they transfer antibiotic resistance to human pathogens. All these topics are of great 
interest to the scientific community and concern to our societies.

The term emerging contaminants includes chemical or biological contaminants 
without a clearly defined regulatory status. They are often substances, not necessar-
ily of new use, but newly identified, for which data concerning their presence, their 
fate in the environment and their potential impacts on health or the environment are 
patchy. Among the emerging pollutants are, in particular, pharmaceuticals subject 
or not to medical prescription (antibiotics, hormones, illicit drugs, etc.) for human 
or veterinary use, products for daily use (personal care products, cosmetics, deter-
gents, disinfectants, antioxidants, etc.), products of industrial origin (surfactants, 
additives, solvents, flame retardants, nanoparticles, etc.), pesticides, and pathogens. 
The number of molecules concerned is constantly changing both in terms of parent 
substances and their degradation products (metabolites, for example resulting from 
biological treatment). In general, these synthetic or naturally occurring chemicals 
are not commonly monitored in the environment and they are consistently being 
found not only in wastewaters but also in water resources (groundwater, surface 
water), and even in drinking water.

Conventional domestic wastewater treatment plants (often stabilization ponds, 
activated sludge systems) were not designed to treat recalcitrant organic pollutants 
including emerging substances (Bolong et al. 2009; Teijón et al. 2010; Jelic et al. 
2011; Verlicchi et al. 2012; Petrie et al. 2015; Machado et al. 2016; Priac et al. 2017; 
Botero-Coy et al. 2018; Gogoi et al. 2018; Tolboom et al. 2019; Patel et al. 2019). It 
is also important to point out that the elimination of microorganisms is not an objec-
tive of wastewater treatment plants either (Morin-Crini and Crini 2017). Botero- 
Coy et  al. (2018) reported that the concentrations of some pharmaceuticals (e.g. 
erythromycin, metronidazole, sulfamethoxazole) in the effluent from a municipal 
wastewater treatment plant (Bogotá, Colombia) were even higher than in influent, 
suggesting negative removal efficiencies. Jelic et  al. (2011) and Verlicchi et  al. 
(2012) previously reported similar results within European effluents, suggesting 



that the wastewater treatment plants act as a concentrator of contaminants. This 
incomplete removal evidences the need of alternative or complementary treatment 
technologies (Jelic et al. 2011; Verlicchi et al. 2012; Botero-Coy et al. 2018; Serna- 
Galvis et al. 2019). Conventional water treatments often involve a combination of 
methods such as sand filtration coupled with a coagulation pre-treatment, + adsorp-
tion + disinfection step, which are usually not effective to remove emerging pollut-
ants. It is therefore important to develop effective treatment methods capable of 
eliminating not only the parent emerging molecules but also their metabolite and 
transformation products. These methods must also meet not only water chemistry 
objectives (particularly in terms of chemical abatement of the residual pollutant 
load and quality standards) but also water microbiology objectives, in order to 
reduce and eliminate the toxicity and environmental impact of the treated wastewa-
ter. These are two research topics that have been mobilizing the scientific community.

After general considerations on wastewater treatment plants, this chapter pres-
ents and discusses advanced treatment methods such as adsorption-oriented pro-
cesses, biological-based technologies, membrane filtration and advanced oxidation 
processes. In each of the sections, a state of the art was first conducted and then the 
authors’ research is presented to illustrate each water treatment technology.

1.2  Municipal Wastewater Treatment Plants

Human use of chemicals such as metals began to affect the environment during the 
“Industrial Revolution” of the second half of the eighteenth century. Since the end 
of the Second World War, the use of chemical, pharmaceuticals and agrochemical 
products has greatly increased over the years to meet the growing needs of consum-
ers, who are also rising in number. However, economic development has been 
accompanied by environmental problems including water pollution. In response to 
this pollution problem, the first wastewater treatment plants were set up in the 1960s 
in France, for example. The first European regulations on aqueous discharges 
appeared a decade later. Today, we are in the “Emerging Pollutant Removal Age” 
(Crini and Lichtfouse 2018a, b) and, it is, therefore, not surprising that there have 
been considerable efforts to develop technologies to reduce contaminant emissions. 
Indeed, the presence of pesticides, pharmaceuticals and personal care products in 
water challenges the scientific community and water treatment stakeholders to find 
simple, practical, inexpensive, effective and environmentally friendly disposal 
solutions.

An important question arises: how do rivers receive emerging contaminants? It is 
now recognized that the presence in aquatic environments is mainly correlated with 
the discharge of effluents from municipal wastewater treatment plants (Fig. 1.1), 
with a higher incidence in wastewater treatment plants in highly industrialized and 
urban areas (Sole et al. 2000; Goméz et al. 2006; Stackelberg et al. 2007; Kasprzyk- 
Hordern et al. 2008; Watkinson et al. 2009; Basile et al. 2011; Gonzalez et al. 2012; 
Meffe and Bustamante 2014; Machado et al. 2016; Morin-Crini and Crini 2017; 



Priac et al. 2017; Gilabert-Alarcón et al. 2018; Mezzelani et al. 2018; Picos-Corrales 
et al. 2020). However, environmental contamination/pollution originates not only 
from domestic activity but also from the industrial and agricultural sectors, and 
other activities such as transport (Morin-Crini and Crini 2017). Indeed, even if all 
discharges comply with regulations, industrial and urban wastes can still contain a 
mixture of substances, known or unknown (metabolites, degradation products), and 
their concentration varies from a few ng/L to a few mg/L. All the substances we use 
in our daily lives, such as pharmaceuticals or personal care products, can enter the 
environment through excretion in human and animal urine and feces, through the 
flushing of unused medicines, or through our domestic uses (cooking, bathing), and 
results in nanogram per liter to microgram per liter, even after adequate treatment.

For example, Watkinson et al. (2009) investigated the presence of 28 antibiotics 
in several Australian water matrices, including six rivers and drinking water. The 
results showed that four substances, i.e., monensin, erythromycin, sulfamethoxa-
zole and norfloxacin, were more frequently detected in surface water, at 

Fig. 1.1 Over-consumption of pharmaceuticals and personal care products and contamination of 
rivers by the same substances present in wastewater from sewage treatment plants. (Region: 
Sinaloa, Mexico; source: Lorenzo A. Picos-Corrales, Sinaloa, Mexico)



concentrations ranging from low ng/L to 2.0 μg/L. The authors demonstrated that in
one river that did not receive discharges from municipal wastewater treatment 
plants, the total concentration of the investigated antibiotics was significantly lower 
than those in the other five rivers, suggesting that municipal wastewater treatment 
plants were an important source of antibiotics to the streams. Meffe and Bustamante 
(2014), Machado et al. (2016) and Gilabert-Alarcón et al. (2018) reported similar 
conclusions in Italian, Brazilian and Mexican water resources, respectively.

When wastewater is contaminated and remediation becomes necessary, the best 
purification approach should be chosen to reach the decontamination objectives as 
established by legislation (Crini and Badot 2007, 2010; Morin-Crini and Crini 
2017). A purification process generally consists of five successive steps: (1) prelimi-
nary treatment or pre-treatment (physical & mechanical); (2) primary treatment 
(physicochemical & chemical); (3) secondary treatment or purification (chemical & 
biological); (4) tertiary or final treatment (physical & chemical); and (5) treatment 
of the sludge formed (gravity or mechanical thickening and dewatering, drying or 
incineration). In general, the first two steps are gathered under the notion of pre- 
treatment or preliminary step, depending on the situation. Pre-treatment removes 
debris and large solids, while primary treatment focuses on the removal of an appre-
ciable load of organic matter and suspended solids from the influent. This pre-treat-
ment stages, which can be carried out using mechanical or physical means, is 
indispensable before envisaging secondary treatment because particulate pollution 
(e.g. suspended solids, colloids, fats, etc.) hinders the posterior treatment, making it 
less efficient or damaging the decontamination equipment. Primary chemical treat-
ment such as pH adjustment or pre-reduction of a high organic load may also be 
required. Before its discharge into the environment or its reuse, the pre-treated efflu-
ent must undergo secondary purification treatment using in most cases biological 
processes to produce a satisfactory final effluent. In certain cases, a final or tertiary 
treatment (including disinfection) can also be required to remove the remaining pol-
lutants or the molecules produced during the secondary purification.

Around the world, almost the same wastewater treatment scheme is used by fol-
lowing the same steps above listed. From a water engineering point of view, the only 
difference is the type of matrix to be treated (domestic, industrial or drinking). In 
general, for municipal/domestic wastewaters treatment, the removal of pollutants 
from the raw wastewater is primarily achieved by biological means (often activated 
sludge systems). Indeed, biodegradation is one of the main treatment applied to 
decontaminate wastewater. For industrial wastewaters,  e.g. from textile, pulp and 
paper or surface-treatment industry, pollutant removal is achieved by physical (sand 
filtration, adsorption onto carbons, membrane filtration, evaporation, extraction), 
chemical (precipitation, oxidation, electrocoagulation, electrochemical treatment, 
ion-exchange using organic resins) and biological (lagoon, membrane bioreactors) 
means, with research focusing on more efficient and less expensive systems combi-
nations or new alternatives such as biosorption, biomass, advanced oxidation pro-
cesses. In general, precipitation is – together with adsorption – one of the two main 
treatments applied at industrial scale (Crini and Badot 2007, 2010; Crini 2010). For 
the production of drinking water, filtration (sand, carbon) and adsorption (activated 



carbon) steps are used, coupled with coagulation/flocculation and disinfection (ozo-
nation or chlorination) steps.

The main objective of a conventional municipal wastewater treatment plant, 
receiving raw wastewater from domestic and industrial discharges, is to remove 
organic matter and nutrients, e.g. nitrogen and phosphorus. A technological process 
widely used in the world is the so-called activated sludge, due to its competitive cost 
and high efficiency. Currently, under optimized conditions, more than 95% of 
organic and mineral substances can be eliminated by biological-based methods used 
in municipal wastewater treatment plants. In general, these performance levels 
make possible to meet the regulatory requirements for the list of substances and 
water parameters analyzed. However, the efficiency of a conventional system varies 
depending on the wastewater characteristics and the treatment process used, e.g. 
activated sludge, membrane biological reactor, with a possible combination with a 
chemical treatment.

As already mentioned, existing conventional wastewater treatment plants and 
drinking water treatment plants were not designed to remove pharmaceuticals or 
nanoparticles, which are difficult to biodegrade or filter, respectively. For example, 
substances such as acetylsalicylic acid, diclofenac, carbamazepine, atenolol or pro-
pranolol are difficult to degrade by conventional biological treatment: performance 
is estimated to be less than 10% (Patel et al. 2019). Several studies have nevertheless 
showed that certain substances such as endocrine disruptor compounds can be 
reduced (Priac et al. 2017; Gogoi et al. 2018; Patel et al. 2019).

In a wastewater treatment plant, besides biodegradation, adsorption to sludge is 
the most effective process to eliminate substances. Numerous substances are poorly 
soluble hydrophobic compounds, poorly biodegradable and present a strong affinity 
for sludge. A typical example is the anti-inflammatory diclofenac that can be par-
tially adsorbed on sludge (Barbosa et al. 2016). In Europe, treated sludge after sta-
bilization is often disposed in the soil or reused for agricultural purposes and 
composting. A previous study by Johnson and Sumpter (2001) revealed that the 
essential sewage treatment can rapidly convert organics into biomass that is then 
separated from the effluent phase by settlement. However, not all compounds were 
completely broken down or converted into biomass in that study. For example, the 
steroid estrogens found in effluent corresponded to the products of incomplete 
breakdown of their respective parent molecules. Liu et al. (2009) also reported that 
endocrine disruptor compounds were not completely removed by municipal waste-
water treatment plants and remained at fluctuating concentrations in the effluent. 
Thus, the discharge of such water may be the main reason for the wide distribution 
and occurrence of emerging contaminants in surface waters.

The lists of substances monitored by the treatment plants are beginning to evolve, 
which will eventually force the plants to upgrade their operations to better treat 
wastewater. There are two main policies for water pollution control: the first is to 
focus on reducing pollutant emissions at source, e.g. France, and the second is to 
focus on downstream reduction at treatment plants, e.g. in Switzerland and Germany 
(Morin-Crini and Crini 2017). In the latter case, tertiary treatment is required. This 
final treatment is necessary to remove the remaining pollutants such as 



pharmaceuticals and their metabolites. However, the use of tertiary treatment world-
wide, including in Europe, is still limited due to significant economic costs. 
However, it may be necessary in the future if further restrictions are applied (Crini 
and Lichtfouse 2018a, b).

1.3  Methods for the Removal of Emerging Contaminants 

Removing emerging contaminants from wastewater is a difficult and challenging 
task because most emerging contaminants are recalcitrant substances, often present 
at trace amounts in complex mixtures. Indeed, a major factor complicating the 
cleanup of many sites is the coexistence of organic molecules and mineral sub-
stances such as metals and metalloids, the so-called mixed wastes. Another compli-
cating factor is the wide range of properties of contaminants, with different chemical 
structures and functionalities. This diversity of water pollutants requires a wide 
range of treatment methods that must not only be effective, but also technologically 
and economically feasible.

To treat emerging contaminants, a multitude of techniques classified as physico-
chemical treatments, biological treatments, membrane filtration, advanced oxida-
tion technologies, adsorption/biosorption have been proposed in the literature 
(Fig.  1.2) (Crini and Badot 2007, 2010; Acero et  al. 2013; Charles et  al. 2014; 
Secondes et al. 2014; Serna-Galvis et al. 2016, 2019; Bedoya-Ríos and Lara-Borrero 
2018; Botero-Coy et  al. 2018; Crini and Lichtfouse 2018a, b; Kim et  al. 2018). 

Fig. 1.2 Methods used to remove emerging compounds. (Source: Juan Carlos Moreno-Piraján, 
Bogotá, Colombia)



Advanced treatments such as biosorption onto non-conventional materials (Wang 
and Wang 2016; Li et al. 2019a; Fenyvesi et al. 2020; Rojas and Horcajada 2020), 
filtration membrane coupled with a biological step, algal-based technologies, and 
oxidation processes combined with an adsorption pretreatment (Serna-Galvis et al. 
2016, 2019; Rodriguez-Narvaez et al. 2017) have been proposed to treat domestic 
water. Recent studies showed that the latter techniques could be a promising way, 
especially advanced oxidation processes such as ozonation, electrochemistry, pho-
tocatalysis, solar-driven processes or solar photo-assisted H2O2 treatment (Polo- 
López et al. 2014; Secondes et al. 2014; Serna-Galvis et al. 2016, 2019). Indeed, 
advanced oxidation processes have been demonstrated to be very efficient in 
decreasing not only organic substances but also the pathogen load in contaminated 
water (Moreira et al. 2016). This is of special interest because of properly treated 
wastewater could be an alternative renewable water resource, for example for agri-
culture as an end-use point. All these techniques can also be considered for treating 
industrial water (Wang and Wang 2016; Crini et al. 2019).

1.4  Adsorption-Oriented Processes for the Removal 
of Emerging Contaminants

1.4.1  Adsorption of Emerging Contaminants 
on Activated Carbons

Liquid-solid adsorption/sorption is a key method for removing contaminants, par-
ticularly organics, from wastewaters (industrial effluents) or drinking water sources. 
Indeed, this technique of contaminant removal can produce high quality water, 
while also being a process that is both technologically simple and economically 
feasible (Liu and Liptak 2000; Yang 2003; Crini 2010).

Liquid-solid adsorption/sorption involves the accumulation of adsorbate sub-
stances from an effluent onto the external and internal surfaces of a material/adsor-
bent used as a mass separating agent (Crini and Badot 2007, 2010; Fomina and 
Gadd 2014; Crini and Lichtfouse 2018a, b; Crini et al. 2019; de Andrade et al. 2018; 
Jeirani et al. 2017). This surface phenomenon is a result of complicated interactions 
among the three components involved, i.e. the adsorbent, the adsorbate and the 
effluent (water or wastewater). The data from the literature and also from the indus-
try show that the control of adsorption performances of a solid material in liquid- 
phase adsorption depends on the following factors: (i) the origin and nature of the 
solid such as its physical structure, chemical nature and functional groups; (ii) the 
activation conditions of the raw solid (physical treatment, chemical modifications); 
(iii) the influence of process variables such as contact time, initial pollutant concen-
tration, solid dosage and dynamic conditions; (iv) the chemistry of the contaminant
(as example for an organic molecule, its pKa, polarity, size and functional groups);
and finally, (v) the effluent conditions, referring to its pH, ionic strength, tempera-
ture and the presence of multi-contaminants and impurities.



Carbon-based materials are one of the oldest and most widely used adsorbents/
sorbents, employed since the beginning of the 1900s in the treatment of drinking 
water (Liu and Liptak 2000; Dąbrowski et al. 2005; Crini and Badot 2007, 2010; 
Khalaf 2016). These adsorbents have excellent textural properties (high porosity, 
high specific surface area, large range of particle sizes) and physicochemical prop-
erties (surface chemistry) which together account for their excellent adsorption 
capacity. The process that uses carbons at industrial scale is often carried out by 
feeding the effluent continuously through a packed bed of carbon (Fig. 1.3). These 
fixed-bed systems have an important advantage because adsorption depends on the 
concentration of the substance(s) in the solution being treated. The adsorbent is 
continuously in contact with fresh effluent; hence, the concentration in the water in 
contact with a given layer of adsorbent in a column is relatively constant. The pro-
cess is efficient and economical from the point of view of implementation and oper-
ation, which is relatively simple (Geankoplis 1993) and does not generate water 
by-products as in the case of chemical oxidation or advanced oxidation processes 
(Rossner et al. 2009; Ahmed et al. 2015; de Andrade et al. 2020), which activities 
and toxicities still require further studies (Zhang et al. 2016a).

Activated carbons are used as very good adsorbents of a wide range of contami-
nants and contamination, e.g. to adsorb organic matter in order to reduce the organic 
load in secondary and tertiary treatment in a municipal wastewater treatment plant, 
to treat organics such as pesticides, aromatic and phenolic derivatives, volatile aro-
matics, hydrocarbons and surfactants, to decrease chemical oxygen demand and 
biological oxygen demand, to discolor water (dye removal) or to treat substances 

raw water

treated water

packed bed

Industrial scaleLab scale

Fig. 1.3 Fixed-bed type process used for adsorption of contaminants from water or wastewater, 
e.g. for the post-treatment of a pharmaceutical effluent treated by chemical oxidation. (Source:
Grégorio Crini, Besançon, France)



that cause specific taste or smell (Crini and Badot 2007, 2010; Couto et al. 2015; 
Ferreira et al. 2015; Crini et al. 2019; Khan et al. 2020). The adsorption efficiency 
depends on the type of carbon used, the properties of the adsorbate, as well as the 
composition of the effluent being treated (Crini and Badot 2010; Ahmed et al. 2015).

Over the past three decades, activated carbons, in granular (GAC) or powder 
(PAC) form, have been widely used in conjunction with microorganisms for treating 
wastewater. Macroporous activated carbons can be used as supports for bacteria: the 
bacteria then degrade part of the adsorbed organic matter (biological elimination) 
and thus participate in the in situ regeneration of the adsorbent. Two combined pro-
cesses are principally used. Powder activated carbon treatment is obtained by add-
ing carbon to activated sludge. Biological activated carbon (BAC) is a filter made of 
biofilm-covered granular activated carbon. Commercial activated carbon materials 
have been employed to remove organic pollutants such as pesticides from wastewa-
ter and water. In the purification of drinking water, granular activated carbon filters 
have commonly been used as a polishing step to remove potentially harmful trace 
organics. This type of treatment is, in general, coupled to an ozonation stage, further 
improving the performance of the process. Carbon biological filters are, for instance, 
used for the detoxification of organic effluent loaded with inorganic ions (removal 
of iron, manganese, and nitrate). To obtain cost-effective technology (especially in 
the field of water recycling), carbon powder is used in conjunction with an ultrafil-
tration membrane or with other techniques, such as oxidation. In Europe, active 
carbon competes favorably with nanofiltration and begins to replace oxidation with 
ozone, in particular to remove pesticides (Crini and Badot 2010).

The major advantage of carbon adsorption is that the solid adsorbent can be eas-
ily separated from the treated liquid. This allows easy and flexible process opera-
tion. However, as it is non-selective, common innocuous organics may interfere 
with the removal of hazardous compounds. Active carbon technology presents other 
disadvantages. Active carbons are quite expensive (the higher the quality, the greater 
the cost). Different qualities of carbon are strongly related to the raw material used, 
as well as it depends on the carbonization conditions and the way in which activa-
tion is performed (physical or chemical). And yet, even though the high absorbing 
power of active carbons is widely recognized, there are some drawbacks, namely 
the need of disposal of spent carbons, their rapid saturation, and their regeneration. 
This regeneration step of saturated carbon is also expensive, not straightforward, 
and results in loss of the sorbent. Finally, the carbon-adsorption process can be lim-
ited in cases of ultra-low concentrations of contaminants (Putra et al. 2009; Lian 
et al. 2014; Ahmed et al. 2015; Khan et al. 2020).

Various removal efficiencies of emerging contaminants by commercial activated 
carbons have been published, due to the intrinsic physical and chemical properties 
of carbons, and the different experimental conditions (pH, contact time, type of 
water) used (Adams et al. 2002; Westerhoff et al. 2005; Snyder et al. 2007; Foo and 
Hameed 2010; Rivera-Utrilla et  al. 2013; Nam et  al. 2014). Interestingly, some 
hydrophilic pharmaceuticals and personal care products were successfully trapped 
via adsorption, despite of their low hydrophobicities. In fact, the mechanisms of 
adsorption are not yet fully elucidated (Rivera-Utrilla et al. 2013; Nam et al. 2014; 
Jeirani et al. 2017).



For example, Adams et al. (2002) showed that pharmaceuticals such as sulfa-
methazine, trimethoprim, and carbatox were effectively removed (81–98%) from 
water using powdered activated carbon. In contrast, Westerhoff et al. (2005) reported 
the wide ranges of removals (20–69%) for the pollutants such as acetaminophen, 
caffeine, diclofenac, naproxen, sulfamethoxazole, and atrazine by applying pow-
dered activated carbon. Snyder et al. (2007) also demonstrated that 30–78% of phar-
maceuticals were removed from river water samples using powdered activated carbon.

Yu et al. (2009) reported a comprehensive study regarding the adsorption of two 
pharmaceuticals (naproxen and carbamazepine) and an endocrine disrupting (non-
ylphenol) compound from a full-scale drinking water treatment plant by activated 
carbon in granular or powder form. The results showed that activated carbon form 
affected pollutant adsorption to carbon. Powder carbon would be most appropriate 
for achieving 90% of pharmaceuticals removal at a concentration of 500  ng/L, 
whereas granular carbon would be more suitable for nonylphenol. The authors 
explained this result by the fact that nonylphenol was much less impacted by fouling 
than the other two molecules.

Mailler et al. (2016) tested the use of micro-grain activated carbon (CarboPlus® 
technology) in a fluidized bed to remove pharmaceuticals, hormones and personal 
care products contained in treated wastewater from a municipal wastewater treat-
ment plant (Seine Centre Paris, Colombes, France; 240,000 m3/day corresponding 
to 9000,000 population equivalent). Large-scale experiments using a 5 m high reac-
tor with a surface of 4 m2 (10 g or 20 g of carbon per m3, flow rate 1400 m3/day, 
contact time between 10 and 20 min) have shown that a carbon-based configuration 
as tertiary treatment substantially improved the overall quality of the discharge 
waters. Indeed, micro-grain activated carbons can further reduce the residual pollu-
tion still present in biologically treated waters: reduction of biological oxygen 
demand (38–45%), chemical oxygen demand (21–48%), and dissolved organic car-
bon (13–44%). Besides, removal of ammonium, nitrite (total elimination) and total 
suspended solids has also been detected. On the other hand, carbon filters were most 
effective in removing pharmaceutical compounds (52 molecules) and hormones (10 
molecules) and other emerging substances (57 molecules) such as alkylphenols, 
bisphenol A, parabens, pesticides (23 molecules) and sweeteners (50 to >90%). 
Thirteen campaigns of analytical monitoring have been realized. Pharmaceuticals 
had a good affinity for micro-grain activated carbon and high (>60%) or very high 
(>80%) removals were observed for most of the quantified compounds (22 sub-
stances of the 32 quantified): for example, atenolol (concentration 448 ± 400 ng/L; 
reduction of 92–97%), carbamazepine (74  ±  65  ng/L; 80–94%), ciprofloxacin 
(184  ±  95  ng/L; 75–95%), diclofenac (1120  ±  1400  ng/L; 71–97%), oxazepam 
(239 ± 110 ng/L; 74–91%) and sulfamethoxazole (1430 ± 1450 ng/L; 56–83%). The 
ten remaining substances that were less eliminated (25–75%) include for example 
acetaminophen, ibuprofen and iothalamic acid. Personal care products, alkylphe-
nols, artificial sweeteners, benzotriazole, bisphenol A, pesticides and perfluorinated 
acids have also a good affinity for micro-grain activated carbon, while phthalates 
are not or poorly eliminated. Micro-grain activated carbon allowed obtaining per-
formances comparable to conventional powdered activated carbon at a same fresh 



activated carbon dose, even if slightly higher removals are observed with powdered 
activated carbon for several compounds. The differences are explained by the nature 
of micro-grain activated carbon, which is reactivated, and more likely by the injec-
tion of FeCl3 with powdered activated carbon. However, micro-grain activated car-
bon removes nitrites and total suspended solids, contrarily to powdered activated 
carbon. In addition, the micro-grain activated carbon configuration leads to several 
significant operational advantages over powdered activated carbon for a similar cost 
(≈ 1000–1200 €/ton), such as the ease of operation, the non-necessity to use FeCl3

and polymer and the reactivability of the adsorbent (no waste to handle). Mailler 
et al. (2016) concluded that micro-grain activated carbon was more suited than pow-
dered activated carbon for wastewater treatment at large-scale applications.

Nam et al. (2014), studying the adsorption of pharmaceuticals, pesticides and 
endocrine disruptors, also reported that in addition to carbon form, carbon dose and 
contact time affected the performance. Increased dosage of activated carbon and 
increased contact time allowed greater opportunity for the adsorbent to interact with 
target emerging contaminants, and enhanced adsorption removal was attained. 
Modifying the adsorbent dosage and contact time can maximize the removal of 
micropollutants. However, a cost-effectiveness analysis is necessary before imple-
menting these solutions in field facilities. In addition, the adsorption of hydrophilic 
contaminants, such as caffeine, acetaminophen, sulfamethoxazole, and sulfametha-
zine, was significantly affected by the pH, whereas low temperature decreased the 
adsorption of hydrophobic pollutants such as naproxen, diclofenac, 
2,4- dichlorophenoxyacetic acid, triclocarban, and atrazine. For example, removal of 
acetaminophen and sulfamethoxazole changed significantly due to electrostatic 
interactions between the adsorbent surface and the ionic species of these substances. 
The charge state of ionizable pollutants can affect micropollutants at certain pH 
levels. Low temperature can decrease the diffusion of lipophilic pollutants during 
the hydrophobic interaction with the adsorbent. A decrease in adsorption removal in 
surface water samples was observed and this decrease was more significant for 
hydrophobic than hydrophilic compounds. The decline in the adsorption capacity in 
surface water samples was caused by the competitive inhibition of dissolved organic 
matter with pollutants onto activated carbon. Nam et al. (2014) pointed out the fact 
that it was important to consider the effects of dissolved organic matter when treat-
ing pollutants in a water treatment plant.

Katsigiannis et al. (2015), studying the removal of emerging contaminants from 
water by granular activated carbon columns, demonstrated that the process removed 
endocrine disrupters (bisphenol A, triclosan) more efficiently than pharmaceuticals 
(ibuprofen, naproxen, ketoprofen) at concentrations up to 2 μg/L.  In all experi-
ments, the performance was enhanced by increasing the depth of the carbon bed. 
Among the target compounds, triclosan had the highest removal efficiency while 
ibuprofen was the least effectively removed. At a surface velocity of 3.1  m/h, 
removal rates after 5 days of continuous operation were 74.7% for bisphenol A, 
86.7% for triclosan, 57.4% for ibuprofen, 65.6% for naproxen and 61.4% for keto-
profen for a bed depth of 8 cm, while virtually complete removal was achieved for 
all target compounds at a bed depth of 16 cm. The authors explained their results by 



correlating with the pKa and the log Kow values of the target substances. During the 
experiments, microbiological activity was also observed, which stabilized the 
breakthrough curves that significantly extended the column’s service life. 
Katsigiannis et al. (2015) concluded that activated carbon in the form of granular 
activated carbon columns can provide for the effective removal of target compounds 
in a municipal wastewater treatment plant.

Patiño et  al. (2015) proposed the adsorption of emerging pollutants 
(1,8- dichlorooctane, nalidixic acid and 2-(4-methylphenoxy)ethanol) on functional-
ized multiwall carbon nanotubes. Recently, the use of carbon nanotubes has gained 
interest for the removal of different pollutants in the aqueous streams. These materi-
als are a new member in the carbon family, including single walled and multi-walled 
nanotubes distinguished by their number of layers. They had exceptional mechani-
cal properties, excellent electronic properties, large surface specific area, and their 
structure can be further tuned locally by oxidation treatment or surfactant treatment. 
Indeed, carbon nanotubes allow the surface modification in order to maximize the 
selectivity of adsorption through families of compounds, helping to improve the 
desorption behavior. When combined with membrane filtration, these innovative 
adsorbents demonstrated excellent removal of pharmaceuticals and personal care 
products with removals up to 95% (Kurwadkar et  al. 2019). Other examples of 
results obtained using carbon nanotubes are described in the review published by 
Khan et al. (2020). Carbon nanotubes are considered to be promising adsorbents for 
water and wastewater treatment, although their high price is an important parameter 
to consider and their adsorption capacity depends strongly on both the hydrophobic-
ity of the adsorbates and the morphology of the materials used. The materials can 
also be used in photocatalytic degradation processes in combination with a filtration 
step for the removal of endocrine disruptors (Patiño et al. 2015; Kurwadkar et al. 
2019; Khan et al. 2020).

How to reduce the cost of adsorbents and improve their adsorption performance, 
while at the same time seeking environmentally friendly materials, has been a pre-
occupation of the research community since the 2000s. The development of cheaper, 
effective and novel materials for pollutant removal is currently an active field of 
research, as shown by the numerous studies published every year. Research is 
divided into two directions: the use of natural, cheap and abundant non- conventional 
materials in raw or modified forms and the development of conventional/commer-
cial and new (synthetic) materials.

Several various studies have been carried out to replace active carbon by other 
adsorbent/biosorbent materials (Aksu 2005; Crini 2005, 2006, 2010, 2015; 
Ahmaruzzaman 2008; Vijayaraghavan and Yun 2008; Crini and Badot 2010; Ali 
2012; Fomina and Gadd 2014; Kyzas and Kostoglou 2014; Couto et  al. 2015; 
Ferreira et al. 2015). Commercial materials adopted at industrial scale for potable 
water treatment, effluent treatment and decolorizing applications include zeolites, 
activated alumina, and silica gels (Crini and Lichtfouse 2018a, b; Crini et al. 2019). 
Other conventional materials are commercial ion-exchange resins and synthetic 
organic resins. Non-conventional adsorbents/sorbents include clays (e.g. bentonite), 
siliceous materials (e.g. perlite, alunite), waste materials from agriculture (e.g. rice 



husk, biochar) or forest industries (e.g. bark, sawdust), by-products from industry 
(e.g. red mud, sludge), coal derived from non-conventional resources, biosorbents 
(e.g. peat, chitosan, alginate, cyclodextrin polymers), aquatic macrophytes, and bio-
mass (Adriano et al. 2005; Crini 2005, 2006; Bekçi et al. 2006, 2007; Kang et al. 
2010; Braga et al. 2011; Liu et al. 2012a, b; Lian et al. 2014; Xie et al. 2014; Freitas 
et al. 2017; Stofela et al. 2017; Portinho et al. 2017; Maia et al. 2017, 2019; de 
Andrade et al. 2018; de Souza et al. 2018, 2019; Osei et al. 2019; Fenyvesi et al. 
2020; Macedo et al. 2020).

Which is the best adsorbent to replace activated carbon? There is no direct 
answer to this question because each adsorbent has advantages and drawbacks 
(Morin-Crini and Crini 2017; de Andrade et al. 2018). It is important to note that all 
non-conventional materials are basically at the laboratory stage in spite of unques-
tionable progress. Nevertheless, they will undoubtedly be at the centre of some 
extremely profitable commercial activities in the future (Morin-Crini and Crini 
2017; de Andrade et al. 2018). Examples of such materials are described below.

1.4.2  Removal of Hazardous Contaminants Using Low-Cost 
Clay-Based Adsorbents

Clays are natural well-known minerals having layered structures with large surface 
area, high porosity, and high chemical and mechanical stability (Beall 2003; Crini 
2006; Bhattacharyya and Gupta 2008; Crini 2010; Lofrano 2012; Gupta and 
Bhattacharyya 2014; Zhu et al. 2016). In addition, these materials are low-cost and 
abundant on most continents and they are studied as alternatives to activated car-
bons (Mercurio et al. 2019). Low-cost is naturally an important advantage of clays 
as adsorbents, e.g. the cost of montmorillonite can be up to 20 times cheaper than 
activated carbons (de Andrade et  al. 2018). The performance of a clay material 
depends mainly on its chemical nature and pore structure. Clays are considered as 
strong candidates for ion-exchange and as host materials with a strong capacity to 
adsorb neutral and charged species (Bhattacharyya and Gupta 2008; Crini 2006). In 
general, pollutant removal efficiencies by clays are comparable or even higher than 
by commercial carbons. So, their use in adsorption-oriented processes for water 
purification and wastewater decontamination has become commonplace in industry 
today. The first recognition of their ability to sorb pesticides such as 
2,4- dichlorophenoxyacetic acid (herbicide 2,4-D) from aqueous solutions was 
established in the 1970s (Beall 2003). Other practical applications of clays include 
purification of air, separation, sterilization and disinfection.

Currently, there is great interest in the adsorptive processes using clays that are 
considered promising and effective in the environmental remediation of emerging 
contaminants. As effective adsorbents, clays interact with recalcitrant dyes used in 
cosmetics (Almeida et al. 2009; Rehman et al. 2013), pharmaceuticals (Maia et al. 
2017) such as antibiotics, antihypertensives, anti-inflammatory drugs, beta- blockers, 
and other psychoactive substances (caffeine), and pesticides (Grundgeiger et al. 2015).



Trimethoprim is an antibacterial agent commonly used in human and veterinary 
medicine worldwide, often prescribed to be taken in combination with a sulphon-
amide. This substance was detected at levels between 0.6 and 7.6 μg/L in hospital
sewage water in Sweden (Lindberg et al. 2004), at 0.16 μg/L in wastewater effluents
from Holland (Batt and Aga 2005), between 40 and 705 ng/L in municipal wastewa-
ter treatment plants in US (Renew and Huang 2004), and ranging from 0.013 to 
0.15 μg/L in US streams (Kolpin et al. 2002). Bekçi et al. (2006, 2007), studying
trimethoprim adsorption onto montmorillonite, demonstrated that clay minerals 
were efficient to remove drugs. The performance was pH dependent and the maxi-
mum adsorption at the equilibrium was observed at pH  5.04. The modelling of 
adsorption results showed that the adsorption mechanism was a combination of two 
main interactions, i.e. physisorption and ion-exchange. Later, similar conclusions 
were reported by Molu and Yurdakoç (2010).

Clay minerals has been proposed by more authors to sorb antibiotics (Parolo 
et al. 2008; Putra et al. 2009; Wang et al. 2011; Genç et al. 2013; Roca Jalil et al. 
2015; Maia et al. 2017). For example, Roca Jalil et al. (2015) demonstrated that 
montmorillonite was a suitable adsorbent for ciprofloxacin, an antibiotic used in 
human and veterinary medicine. Its presence in hospital effluents and in domestic 
wastewater has been reported by Karthikeyan and Meyer (2006) and by Githinji 
et al. (2011), respectively. The highest performances were obtained at pH values 
lower than 10 (Roca Jalil et al. 2015). The adsorption capacities (up to 330 mg/g) 
were higher than that obtained onto commercial activated carbons (112  mg/g) 
(Wang et al. 2011; Genç et al. 2013). However, the ciprofloxacin aqueous solubility 
must be taken into account in adsorption tests. The ciprofloxacin adsorption mecha-
nisms on montmorillonite depend mainly on pH (Roca Jalil et al. 2015). The adsorp-
tion studies of antibiotics on clays have showed that the molecular structure of the 
pharmaceutical had a direct influence on the adsorption capacity. This can be 
explained by the fact that antibiotics have molecules with protonable groups, depen-
dent of the medium pH, affecting the interactions between the antibiotic species 
available at each pH and the adsorption sites on the surface clay mineral. Roca Jalil 
et  al. (2015) also showed that the adsorption mechanism was complex, due to a 
combination of several interactions including ion-exchange, electrostatic interac-
tions, surface adsorption, hydrogen bonding and hydrophobic interactions, ionic 
interactions being the main interactions.

Different clay-based materials were evaluated by Maia et al. (2017, 2019) for the 
removal of amoxicillin (antibiotic), propranolol (beta-blocker) and caffeine (stimu-
lant). The authors demonstrated that the removal efficiency depended on the drug 
and material used and varied between 23 and 98% for amoxicillin, 21 and 89% for 
caffeine, and 29 and 100% for propranolol. High adsorption capacities were also 
described by Vieira and collaborators (de Andrade et al. 2018; Oliveira et al. 2018, 
2019) for caffeine adsorption onto bentonite. Caffeine is a natural stimulant largely 
consumed, recalcitrant and persistent to conventional water treatments, and contin-
uously released into the environment. Even when present in water at low concentra-
tions, caffeine can negatively affect the metabolism of fish, amphibians, and reptiles 
(Santos-Silva et  al. 2018). Oliveira et  al. (2018, 2019) indicated that caffeine 



adsorption onto bentonite was due to a combination of physical and ion-exchange 
phenomena, with significant changes on the bentonite surface after adsorption. 
These changes were highlighted using several techniques (scanning electron micros-
copy, mercury porosimetry, helium pycnometry and nitrogen physisorption).

Diclofenac is a nonsteroidal anti-inflammatory drug and due to its structure, the 
molecule presents low biodegradability and is recalcitrant to conventional sewage 
treatment plants. Diclofenac is widely detected in wastewater (Radjenovic et  al. 
2007) and in European surface waters (Jux et al. 2002; Fernández et al. 2010). In the 
environment, this drug has toxic effects on bacteria, invertebrates and algae. Maia 
et al. (2019) studied the adsorption of diclofenac sodium onto a commercial organo-
clay (Spectrogel®) and showed that the interaction between diclofenac and the 
adsorbent was spontaneous and the process was endothermic. High performances 
were obtained in terms of abatement. A detailed characterization analysis demon-
strated that adsorption takes place on the surface of the clay, without significant 
modifications. The authors concluded that adsorption onto Spectrogel® is a promis-
ing alternative for the removal of pharmaceuticals (Maia et al. 2019). Other exam-
ples of adsorption of pharmaceuticals from water and wastewater using 
non-conventional low-cost materials can be found in a comprehensive review pub-
lished by de Andrade et al. (2018).

Clay minerals were proposed to sorb pesticides (Polatti et al. 2006; Roca Jalil 
et al. 2013; Grundgeiger et al. 2015; de Souza et al. 2019). de Souza et al. (2019) 
studied adsorption of the herbicide 2,4-D from aqueous solution using an organo- 
modified bentonite clay. The maximum adsorption capacity for this herbicide 
obtained experimentally was 50.36 mg/g, found at a temperature of 298 K, being 
higher than other materials reported in the literature. Using a detailed thermody-
namic study, the authors showed that the adsorption of 2,4-D in organophilic clays 
referred to a spontaneous, exothermal process of physical nature. The adsorbent can 
be easily regenerated when subjected to eluents such as mixtures containing frac-
tions of ethanol/water (desorption = 95%). Another typical example is atrazine, an 
herbicide that has been widely used in agriculture around the World for the last 
50 years. It is now banned in Europe but is still in use in other countries. The US 
Environmental Protection Agency has set the maximum contamination limit (MCL) 
for atrazine at 0.003μg/L. Grundgeiger et al. (2015) proposed organo-beidellites for
atrazine adsorption, with the main mechanism being cation exchange.

Increasing the adsorption capacity of clays is a critical objective in the environ-
mental application of these materials for the removal of negatively charged organic 
contaminants and persistent non-polar and hydrophobic contaminants. Thus, ther-
mal or chemical modifications (e.g. acid washing using HCl or H2SO4) have been 
proposed to alter the structure of clays and their physicochemical properties (Zhu 
et  al. 2016; de Andrade et  al. 2018). In general, modified materials present an 
enhanced porous structure, higher specific surface area, and higher surface acidity. 
These modifications may enhance the capacity of minerals in uptaking specific con-
taminants. Table  1.1 shows values for maximum drug adsorption capacity using 
clays treated by different methods.



Table 1.1 Maximum drug adsorption capacity by the Langmuir isotherm, Qm (mg/g), obtained 
under certain experimental conditions of temperature, pH, agitation, equilibrium time and 
concentration of clay treated by different methods

Adsorbent Modification Drug
Operating 
conditions Qm References

Commercial 
montmorillonite

Acid 
treatment

Trimethoprim 30 °C; pH 3; 
150 rpm; 7 h; 
4 g/L

129.51 Bekçi et al. 
(2006)

Commercial 
montmorillonite K10

Acid 
treatment

Trimethoprim 25 °C; 150 rpm; 
6 h; 4 g/L

75.66 Bekçi et al. 
(2007)

Bentonite – type Verde 
Lodo

Calcined Caffeine 30 °C 40.53 Oliveira 
et al. (2019)

Commercial 
montmorillonite 
Mizulite

Caffeine 25 °C 67.19 Shiono et al. 
(2017)

Exfoliated vermiculite Thermal 
treatment

Gemfibrozil 20 °C; pH 7; 
without 
agitation; 72 h; 
130 g/L

1.05 Dordio et al. 
(2016)

Lightweight expanded 
clay aggregates

Thermal 
treatment

Gemfibrozil 20 °C; pH 7; 
without 
agitation; 144 h; 
1000 g/L

0.02 Dordio et al. 
(2016)

Exfoliated vermiculite Thermal 
treatment

Mefenamic 
acid

20 °C; pH 7; 
without 
agitation; 72 h; 
130 g/L

2.02 Dordio et al. 
(2016)

Lightweight expanded 
clay aggregates

Thermal 
treatment

Mefenamic 
acid

20 °C; pH 7; 
without 
agitation; 144 h; 
1000 g/L

0.02 Dordio et al. 
(2016)

Exfoliated vermiculite Thermal 
treatment

Naproxen 20 °C; pH 7; 
without 
agitation; 144 h; 
1000 g/L

0.07 Dordio et al. 
(2016)

Lightweight expanded 
clay aggregates

Thermal 
treatment

Naproxen 20 °C; pH 7; 
without 
agitation; 144 h; 
1000 g/L

0.02 Dordio et al. 
(2016)

Na-montmorillonite In natura Tetracycline 25 °C; pH 5.5; 
24 h; 0.133 g/L

341.77 Liu et al. 
(2012a)

Na-montmorillonite TMAa Tetracycline 25 °C; pH 5.5; 
24 h; 0.133 g/L

555.54 Liu et al. 
(2012a)

Na-montmorillonite DDTMAb Tetracycline 25 °C; pH 5.5; 
24 h; 0.133 g/L

888.87 Liu et al. 
(2012a)

Na-montmorillonite HDTMAc Tetracycline 25 °C; pH 5.5; 
24 h; 0.133 g/L

740.43 Liu et al. 
(2012a)

(continued)



To conclude, from an industrial point of view, adsorption using clays is techno-
logically simple and economically feasible, plus this represents a process that pro-
duces high quality water. This treatment has proved to be efficient in removing 
emerging contaminants that are non-biodegradable or chemically stable. Research, 
both fundamental and applied, is currently very active concerning the development 
of novel classes of materials, as well as the understanding of the mechanisms of 
activation, adsorption and regeneration. Nevertheless, studies on the adsorption of 
emerging contaminants, with a focus on continuous multicomponent systems at 
pilot scale, as well as in-depth technical-economic feasibility and life-cycle analysis 
studies are still scarce in the literature, making the applicability of these adsorbents 
still difficult.

1.4.3  Removal of Pharmaceuticals Using Cyclodextrin 
Bead Polymer

Over the past two decades, much work has been done on the use of cyclodextrin 
polymers for the manufacture of complex emerging substances for environmental 
applications. These commercial polymers are becoming very popular for the track-
ing and removal of trace emerging substances. Conventional water treatment tech-
nologies are not very effective in reducing the concentration of these pollutants to a 
desirable level, prompting researchers to innovate and to propose complementary 
methods to conventional treatments.

Inclusion of Emerging Contaminants by Cyclodextrin Most of the pharmaceuti-
cals interact with cyclodextrins. These special carbohydrates, produced from starch 
and characterized by cyclic structure with hydrophilic surface and moderately 

Table 1.1 (continued)

Adsorbent Modification Drug
Operating 
conditions Qm References

Bentonite HDTMAc Amoxicillin 30 °C, 120 min; 
pH 7; 250 rpm; 
4 g/L

27.85 Zha et al. 
(2013)

Montmorillonite BDTMAd Diclofenac 25 °C; pH 6.5 59.8 de Oliveira 
et al. (2020)

Montmorillonite HDTMAc Diclofenac 25 °C; pH 6.5 54.4 de Oliveira 
et al. (2020)

Commercial sentonite 
Spectrogel® – type C

DDMAe Diclofenac 30 °C; 250 rpm 
24 h; 10 g/L

36.58 Maia et al. 
(2019)

aOrganophilized with tetramethylammonium
bOrganophilized with dodecyltrimethylammonium
cOrganophilized with hexadecyltrimethylammonium
dOrganophilized with benzyl decyltrimethylammonium
eOrganophilized with dialkyl dimethylammonium



hydrophobic inner cavity, are able to include other compounds in their cavity. Since 
their discovery at the end of the nineteenth century in France, a great body of knowl-
edge has been collected on the effect and mechanism of binding various organics 
also numerous pharmaceuticals among them (Crini 2014). Within the cavity of 
cyclodextrins, the water molecules are readily replaced by less hydrophilic guest 
compounds such as drugs of low water solubility (Fig. 1.4). In this way, inclusion 
complexes or clathrates are formed without creating or disrupting covalent bonds. 
The host cyclodextrin and the guest are reversibly connected by hydrophobic inter-
actions, van der Walls forces, etc. therefore the complex can dissociate when the 
conditions change, e.g. upon dilution, heating or in the presence of other competing 
guests (Szejtli 1998; Crini et al. 2018). The stability of the inclusion complexes can 
be enhanced by hydrogen bonds between the hydroxyl groups on outer surface of 
cyclodextrin and the hydrophilic part of the guest protruding from the cavity. The 
most important consequences of the inclusion complex formation, such as  enhancing 
the solubility of poorly soluble substances, protecting the included guest molecules 
against the environmental effects such as oxidation, hydrolysis, decomposition on 
heat and light, enzymatic degradation, and improving the taste, are utilized broadly 
by the pharmaceutical industry (Frömming and Szejtli 1994; Loftsson et al. 2005; 
Szejtli and Szente 2005; Uekama et  al. 2006). The number of active ingredients 
marketed in the form of cyclodextrin complexes is above 80 at the beginning of 
2020 and is continuously increasing (CycloLab 2020). Among the three natural 
cyclodextrins, α-cyclodextrin, β-cyclodextrin and γ-cyclodextrin consisting of 6, 7
and 8 glucopyranose units, respectively, β-cyclodextrin possesses a cavity size with
an internal diameter of 0.60–0.65 nm and a depth of 0.78 nm especially suitable for 
inclusion of a wide range of drug molecules (Szejtli 1998). While the unmodified 
β-cyclodextrin is used mostly as excipient in pharmaceutical formulations for oral
administration, its highly soluble hydroxypropylated and sulfobutylated derivatives 
have also been approved for parenteral applications (EMA 2017).

Cyclodextrin Bead Polymers While the pharmaceutical industry aims to improve 
the solubility and consequently the bioavailability of drugs via complexation, the 
objective in wastewater purification is the opposite: to remove the dissolved non- 
biodegradable pharmaceuticals by sorption/biosorption (both terms are used in the 

Fig. 1.4 Scheme of inclusion complex formation of cyclodextrin with a drug. (Source: Éva 
Fenyvesi, Budapest, Hungary; Marc Fourmentin, Dunkerque, France)



literature). As natural cyclodextrins are water-soluble, they must be transformed 
into water-insoluble sorbents/biosorbents, using three main synthesis routes:

 1. by cross-linking with proper bi- or polyfunctional reagents, such as diepoxy
compounds, diisocyanates, di- or polycarboxylic acids, fluoroterphthalonitriles,
etc. (Wiedenhof et al. 1969; Crini et al. 1998; Yamasaki et al. 2008; Zhao et al.
2009; Alsbaiee et al. 2016; Xu et al. 2019; Yang et al. 2020); Fig. 1.5 shows a
cylodextrin polymer obtained by a cross-linking reaction between cyclodextrin
molecules and a cross-linking agent;

 2. by copolymerization of polymerizable cyclodextrin derivatives with acrylic or
vinyl monomers (Wimmer et al. 1992; Janus et al. 1999; He et al. 2012);

 3. or by grafting on a macromolecular support such as chitosan, cellulose, alginate
and silica (Crini et al. 1995; Sakairi et al. 1999; Aoki et al. 2007; Chung and
Chen 2009; Kono et al. 2013; Omtvedt et al. 2019; Yamasaki et al. 2017).

All these gels are preferably prepared in the form of tiny beads by emulsion/
suspension polymerization. The spherical shape of the particles has the advantage 
of high surface area and good accessibility of the cyclodextrin cavities in addition 
to the technological advantages in scaled up production. Owing to the several 
hydroxyl groups on cyclodextrins, these gels are highly hydrophilic and swell in 
water. The degree of swelling depends on the conditions of preparation, e.g. type, 
concentration and ratio of reactants, temperature, reaction time, etc. (Wiedenhof 
et al. 1969; Fenyvesi et al. 1979; Romo et al. 2006). The higher the degree of swell-
ing the higher is the accessibility of the inner cyclodextrin cavities but the smaller 
the mechanical stability against compression. The binding capacity of 
epichlorohydrin- cross-linked β-cyclodextrin polymer beads is higher in case of

Fig. 1.5 Structure of a cyclodextrin polymer obtained by a cross-linking reaction between cyclo-
dextrin molecules and a cross-linking agent. (Source: Marc Fourmentin, Dunkerque, France; Éva 
Fenyvesi, Budapest, Hungary; Grégorio Crini, Besançon, France)



lower degree of cross-linking and reduced temperature (Zhu et al. 1997; Baille et al. 
2000). In case of ionic or ionizable pharmaceuticals cyclodextrin polymers modi-
fied by ionic groups can be more efficient biosorbents due to the contribution of 
electrostatic forces to hydrophobic interactions. Depending on the conditions the 
binding mechanism can be complicated including inclusion and association com-
plex formation, electrostatic interactions, ion exchange, chelation, etc. (Crini et al. 
2016; Morin-Crini et al. 2018). Both the π–π interactions with the network and host- 
guest interactions with the cyclodextrin cavities may contribute to the uptake 
(Huang et al. 2020).

Removal of Emerging contaminants by Cyclodextrin Bead Polymer Using 
Biosorption-Oriented Processes Cyclodextrins and their polymers have been 
found useful for various environmental applications including wastewater treatment 
(Crini and Morcellet 2002; Gruiz et al. 2011; Landy et al. 2012; Morin-Crini and 
Crini  2013; Morin-Crini et  al. 2018;  Fenyvesi et  al. 2019). The early 
sorption/biosorption experiments with cyclodextrin polymer beads aimed at the 
removal of various organic contaminants such as phenols and dyes. Although these 
beads usually outperformed activated carbon, it became clear that cyclodextrin 
polymer beads are too expensive for the removal of compounds present at high 
concentration. Due to their specific affinity toward drugs (Fenyvesi et  al. 1996; 
Vyas et al. 2008; Mocanu et al. 2009), they found their application for the sorption 
of non-biodegradable emerging contaminants, such as pharmaceuticals, which sur-
vive the traditional wastewater treatment and are usually detected in purified waste-
water at very low concentrations.

The epichlorohydrin-cross-linked cyclodextrin polymers successfully removed 
hormones and other endocrine disrupting chemicals at nanomolar concentrations 
(Oishi and Moriuchi 2010). High removal rate (70% to >90%) was achieved for 
17-β-estradiol, a contraceptive of emerging concern, in the range of 1 × 10−11 to
1 × 10−8 mol/L concentration by using β-cyclodextrin polymer. Similar performance
was observed for polymers prepared from γ-cyclodextrin and α-cyclodextrin. The
removal ratio was hardly reduced when in addition to 17-β-estradiol the model solu-
tion was spiked also with cholesterol in 100-fold molar excess related to the hor-
mone because cholesterol, another steroid typical in wastewaters but with no 
endocrine disrupting properties, has lower binding affinity to the cyclodextrin cav-
ity. The small scale laboratory batch experiments with real municipal wastewater 
validated these results. It was recently published that carbonyldiimidazol-cross- 
linked β-cyclodextrin and γ-cyclodextrin polymer nanosponges efficiently removed
the antipsychotic drug pimavanserin from single solutions (93% and 80% removal 
rates, respectively) and from postreaction raffinates in small scale batch experi-
ments (0.1 g sorbent in 5 mL solution) (Hemine et al. 2020).

The low mechanical strength of the gel beads does not allow the use of column 
technique in large scale. The higher swelling, e.g. lower degree of cross-linking, 
results in lower permeability, and thus lower elution rate of water through the gel 
bed is attained. Therefore fluidization technique was used in up-scaled demonstra-
tion of the technology. Another option is applying inorganic core such as silica or 



graphene oxide to get beads of high mechanical stability or introduction of rigid 
structures such as phenyl moieties into the polymer to form pores. For instance, 
silica coated with β-cyclodextrin using hexamethyl diisocyanate as cross-linking
agent was used for the removal of emerging contaminants, also estrogen hormones 
among them from water (Bhattarai et al. 2012). More than 95% of 17-β-estradiol
was removed from single component solution and more than 90% of most of the 
estrogens in multicomponent system even after 4 regeneration cycles. Also mag-
netic graphene oxide modified with β-cyclodextrin/poly(l-glutamic acid) showed
excellent binding capacity for 17-β-estradiol (Jiang et al. 2016): the sorption capac-
ity was 85 mg/g sorbent at 0.05 g/L sorbent to solution ratio and 25 °C using a 
model solution of ~7 × 10−7 mol 17-β-estradiol concentration. Single component
solutions were eluted through a thin layer of β-cyclodextrin polymer with perma-
nent porosity (cross-linked with tetrafluoroterephthalonitrile) to remove around 
80% of ethinylestradiol and propranolol as model drugs at 1 × 10−4 mol/L concen-
tration (Aisbaiee et al. 2016). In another study, a solution (8 mL) of 90 pollutants 
was eluted through the same porous β-cyclodextrin polymer (1 or 5 mg) to achieve
nearly complete (over 95%) removal of several drugs including abacavir, amphet-
amine, cimetidine, codein, diclofenac, estrone, famotidine, fluoxetine, gemfibrozil, 
ibuprofen, testosterone, triclosan to mention only a few and several pesticides (Ling 
et  al. 2017). Figure 1.6 illustrates the diclofenac biosorption onto a cyclodextrin 
polymer. More recently, using the same cross-linking agent, the polymer (100 mg) 
obtained removed over 95% of both ethinylestradiol and estriol (~1 × 10−7 mol/L, 
1 L) by filtration from a multicomponent model solution containing other emerging 
contaminants, too (Xu et al. 2019). A further possibility for preparing filters of good 
mechanical stability is sintering cyclodextrin polymer gel beads with a thermoplas-
tic polymer such as polyethylene (Jurecska et  al. 2014). This process, however, 
results in reduced binding capacity.

In laboratory experiments modeling post-purification of wastewater by fluidiza-
tion technology, epichlorohydrin-cross-linked β-cyclodextrin polymer beads (20 g)
were used to remove hormones, such as β-estradiol, ethinylestradiol and estriol

Fig. 1.6 Schematic illustration of the diclofenac sorption onto a cyclodextrin polymer. (Source: 
Marc Fourmentin, Dunkerque, France; Éva Fenyvesi, Budapest, Hungary; Grégorio Crini, 
Besançon, France)



(87–99%) from the spiked test solution (800 mL) containing some other emerging 
contaminants, too. The removal rate for the non-steroidal anti-inflammatory drugs 
was in the range of 15–70% (Nagy et al. 2014). Based on the positive results of this 
experiment, a scaled-up fluidization procedure was planned and performed in a 
pilot-scale wastewater purification plant (Fig. 1.7). β-Cyclodextrin polymer beads
(1 kg) were applied to polish 300 L purified municipal wastewater spiked with 9 
emerging pollutants at approximately 2 × 10−8 mol/L concentration (among others 
also drugs, e.g. diclofenac and 17-β-estradiol included in the watch list of sub-
stances for Union-wide monitoring in the field of water policy (European Water 
Framework Directive 2015/495/EU) (Fenyvesi et al. 2020). The hormones such as 
estradiol (>99.9%), ethinylestradiol (99.9%) and estriol (96.1%) were effectively 
removed. The removal rate for the non-steroidal anti-inflammatory drugs diclofe-
nac, ibuprofen, ketoprofen and naproxen were 85.5, 86.9, 18.1 and 13.5%, respec-
tively, following roughly the cyclodextrin-drug association constants showing that 
the main interaction was likely the inclusion complex formation. It should be noted 
that similarly low removal rate (18%) was obtained by Orprecio and Evans (2003) 
for naproxen applied at 5 × 10−6 mol/L concentration in single component solution 
(5 L) using similar epichlorohydrin-cross-linked β-cyclodextrin polymer (10 g) as
column packing. The pilot-scale demonstration of the fluidization technology with 
the β-cyclodextrin polymer beads was successful, most of the pharmaceuticals as
emerging contaminants, especially those on the European watch list, were effi-
ciently removed in a short time. The beads are easily regenerated by extracting the 
sorbed components with methanol or ethanol (Orprecio and Evans 2003; Jurecska 
et al. 2014; Fenyvesi et al. 2020; Hemine et al. 2020). The recovery of valuable 
drugs from industrial effluents is also conceivable after regeneration of the cyclo-
dextrin polymer sorbent (Hemine et al. 2020).

Fig. 1.7 Flow chart of wastewater purification technology applying cyclodextrin polymer beads 
for sorption of the emerging pollutants and micropollutants such as residual pharmaceuticals. 
(Source: Éva Fenyvesi, Budapest, Hungary)



For the full scale application of the cyclodextrin-based biosorbents in wastewater 
treatment the first step is the scaled up production of these polymers. All the exam-
ples overviewed in this section used sorbents/biosorbents prepared in laboratory 
except the epichlorohydrin-cross-linked β-cyclodextrin polymer beads produced on
pilot-plant scale. Several research groups are working on development of economic 
and environmental-friendly technologies for scaling up. The 
tetrafluoroterephthalonitrile- cross-linked Dexsorb® adsorbents of Cyclopure 
Company, which can quickly and safely remove from water hundreds of pollutants 
including drugs, pesticides and short and long chain polyfluorinated alkyl sub-
stances, are probably close to the industrial production (Cyclopure 2020).

All of these studies show that cyclodextrin polymers are a promising alternative 
in the treatment of wastewater containing a cocktail of emerging trace substances. 
Industrialists will now have to be convinced to use these materials in their municipal 
wastewater treatment plants.

1.4.4  Metal-Organic Frameworks for the Removal 
of Emerging Contaminants

In recent years, metal-organic frameworks have attracted attention as promising 
materials for the removal of emerging contaminants in effluents by adsorption- 
oriented and catalytic degradation processes (Dias and Petit 2015; de Andrade et al. 
2018; Mon et al. 2018; Bedia et al. 2019; Li et al. 2019b; Dhaka et al. 2019; Rojas 
and Horcajada 2020). Metal-organic frameworks are a kind of crystalline materials 
with permanent porosity (more than 50% of their crystal volume) formed by the 
self-assembly of metal ions or their aggregates/clusters linked together by multi-
functional organic ligands. They consist of small organic molecules, usually 
C6-rings, which are connected by metal clusters as a three-dimensional structure. 
Like cyclodextrin molecules, metal-organic frameworks have cavities where spe-
cific host-guest interactions can take place. These active sites can adsorb and 
degrade pollutants. In addition to superhigh pore volume, metal-organic frame-
works also have values of surface area (1000–10,000  m2/g) superior to those of 
conventional materials such as carbons. They have also physicochemical properties 
easily tuned. Reviews by Dias and Petit (2015) and Bedia et al. (2019) describe the 
different methodologies that can be used for the synthesis of metal-organic frame-
works, paying attention to the purification and activation steps.

A typical example of a metal-organic framework is chromium terephthalate 
MIL-101 (Matériel Institut Lavoisier). It is a polymer built from trimeric chromium 
(III) triangular cluster complexes, bridged by linear terephthalate linkers. The mate-
rial has a highly porous three-dimensional structure with large pores (>30 Å), high
surface area (>3000 m2/g) and a huge cell volume (702,000 Å3).

Because of their distinctive characteristics, metal-organic frameworks are very 
useful in chemistry and supramolecular chemistry (gas separation, adsorbent for 



carbon capture, hydrogen for energy storage), nanotechnology (electrocatalysis, 
photocatalysis, biocatalysis), materials science, drug delivery systems, biomedical 
imaging, sensing, fuel cells, and water and wastewater treatment (adsorption, semi-
conductor photocatalysis). They have many properties for the removal of pollutants 
that recommend them in water treatment. Indeed, metallo-organic frames have not 
only a high pore volume, large surface area and adjustable pore size, but also mul-
tiple topologies, hierarchical structure, adjustable surface chemistry (easily func-
tionalized cavities), and high adsorption capacity (de Andrade et al. 2018; Rojas and 
Horcajada 2020). Their recyclability also gives metal-organic frameworks an 
advantage over conventional adsorbents. Metallo-organic frames can be synthesized 
on a large scale and are versatile materials as they can be shaped into monoliths, 
pellets, membranes or beads for columns, suitable for decontamination devices. An 
important challenge for using metal-organic frameworks as adsorbents in their sta-
bility in contact with water (de Andrade et al. 2018).

Metal-organic frameworks can be used as adsorbent of pollutants or as platform 
for pollutant degradation through catalytic processes. This research is recent as the 
first work on metal-organic framework for dye removal and the first metal-organic 
framework used in the catalytic degradation of phenol were reported in 2010 by 
Haque et al. (2010) and in 2007 by Alvaro et al. (2007), respectively. In water and 
wastewater treatment, metal-organic frameworks have proven to be excellent adsor-
bents for the removal of harmful species such as pharmaceuticals and personal care 
products, artificial sweeteners and feed additives, agricultural products, organic 
dyes, BTEX compounds, pesticides, and industrial products such as alkylphenols, 
products of the photographic industry and plasticizers (Rojas and Horcajada 2020). 
Their performance is better than that of other adsorbents, especially activated car-
bons. However, their performance and selectivity with respect to the pollutants tar-
geted for disposal must be regulated by judicious selection of the metal ion and 
organic linker. Numerous examples of applications in the field of water and waste-
water treatment are presented and discussed in the following references: Dias and 
Petit (2015), de Andrade et al. (2018), Mon et al. (2018), Bedia et al. (2019), Li 
et al. (2019b), Dhaka et al. (2019), and Rojas and Horcajada (2020).

The extensive data in the literature show that metal-organic frameworks, as a 
new class of porous materials, have a great potential for water purification by (selec-
tive) adsorption and catalytic degradation (photocatalysis) and could also find appli-
cations in other advanced oxidation processes (photo-Fenton, electro-Fenton), in 
soil remediation or in membrane filtration. This is a research topic in full develop-
ment, particularly in the context of nanotechnologies, but is it is still in its early 
stages and requires a thorough assessment of parameters such as safety, lifetime, 
reusability and industrial conditions. In addition, the low stability of metal-organic 
frameworks in water is still a major challenge for their environmental application in 
industry (Rojas and Horcajada 2020). For a real application and compared to tradi-
tional semiconductors such as TiO2, two other aspects need to be improved. Firstly, 
the synthesis conditions must allow larger quantities of material to be obtained in 
continuous operation. Current processes, such as solvothermal methods, are limited 
by the slowness of the reactions, and have a relatively high cost (Li et al. 2019b). 



Second, research is also needed on their potential toxicity and possible health 
effects. Indeed, many metal-organic frameworks are constructed from toxic metals, 
e.g. Cd, Cr, Ag and Co, and some molecules such as the dyes used are also consid-
ered as emerging contaminants.

1.4.5  Application of Molecularly Imprinted Polymers 
for Removal of Emerging Contaminants

Over the past decade, several studies have reported innovative results on molecu-
larly imprinted polymers and non-imprinted polymers for the removal of personal 
care products, pharmaceuticals, and endocrine disrupting compounds, in industrial 
effluents, surface waters, and drinking water (Murray and Örmeci 2012; Shen et al. 
2013; Huang et al. 2015; Chen et al. 2016a). The molecular imprinting technique is 
an emerging technology in which the synthesis of a material is performed in the 
presence of a template molecule. Subsequent removal of the template provides a 
material with “memory” sites capable of selectively recognizing and re-binding to 
the original template of a mixture (Alexander et  al. 2006; Chen et  al. 2016a; 
Cantarella et al. 2017; BelBruno 2019).

Molecularly imprinted polymers are prepared from cross-linked polymers con-
taining cavities specific to a target analyte. These cavities are created by the copoly-
merization of cross-linking monomers and functional monomers with an imprinting 
molecule or template. After polymerization, the template is removed, leaving a cav-
ity specific to the analyte. The molecularly imprinted polymer then selectively re- 
binds to the compound to be treated (Alexander et al. 2006; BelBruno 2019). The 
main advantages of the molecularly imprinted polymers are the ease of preparation 
and the ability to create “tailor-made” binding sites simply by adapting the synthesis 
procedure for the desired target molecule used as a template during polymerization 
(Huang et al. 2015; Cantarella et al. 2019). Molecularly imprinted polymers have 
traditionally been used as solid-phase extraction media for analytical chemistry, e.g. 
for pre-concentration and selective removal of substances (Chen et  al. 2016a; 
BelBruno 2019).

Non-imprinted polymers are cross-linked polymeric materials that have macro-
pores containing adsorption sites for organic molecules. They are synthesized using 
the same procedure as molecularly imprinted polymers, but in the absence of a 
template. They therefore have the same chemical properties as molecularly imprinted 
polymers but do not contain specific cavities (Murray and Örmeci 2012). Non- 
imprinted polymers exhibit strong hydrophobic interactions (non-specific binding) 
between organic pollutants and polymers. The main difference between molecularly 
imprinted polymers and non-imprinted polymers is their specificity. Molecularly 
imprinted polymers can selectively remove a target substance such as 17-β-estradiol
from biological wastewater, whereas non-imprinted polymers can remove several 
substances simultaneously. Molecularly imprinted polymers are also generally 



more porous, having a greater surface area, which may also explain the higher bind-
ing efficiency of molecularly imprinted polymers. However, while the specificity of 
molecularly imprinted polymers is an advantage for solid-phase extraction applica-
tion, the same may not be true for complex wastewater (BelBruno 2019).

Molecularly imprinted polymers offer promising applications for water and 
wastewater treatment. They are advantageous for treatment of trace contaminants as 
they can be specifically designed to remove one or a group of target compounds 
(Alexander et al. 2006). This is an advantage over nonspecific technologies such as 
activated carbon (Pichon and Chapuis-Hugon 2008; Murray and Örmeci 2012). 
Molecularly imprinted polymers have been studied for their ability to remove, 
degrade and destroy, in combination with other technologies (advanced oxidation 
processes), emerging substances such as hormones (Le Noir et al. 2007; Zhongbo 
and Hu 2008; Chen et al. 2015), pharmaceuticals (Pichon and Chapuis-Hugon 2008; 
Madikizela et al. 2018; BelBruno 2019; Cantarella et al. 2019), endocrine disrup-
tors (Fernández-Alvarez et al. 2009), personal care products (Alsudir et al. 2012) 
and pesticides (Murray and Örmeci 2012).

Le Noir et  al. (2007), investigating the percolation of wastewater containing 
17-β-estradiol through solid-phase extraction columns prepared with molecularly
imprinted polymers (flow rate of 50 mL/min), demonstrated that these materials
were capable to eliminate the equivalent of 22 ± 4 ng of 17-β-estradiol per L of
effluent. The authors also showed that the use of molecularly imprinted polymers 
allows easy regeneration for subsequent reuse, yielding the same efficiency and 
reducing overall treatment costs. In another work, the same authors developed a 
method for regenerating molecularly imprinted polymer with a template of 
17-β-estradiol using solvent extraction under ultraviolet light (Fernández-Alvarez
et al. 2009). This method was able to regenerate and reuse both the polymeric mate-
rial and the solvent, as well as the destruction of 17-β-estradiol. For that, acetone
was used as a solvent under both ultraviolet-C and ultraviolet-visible light. After a 
10-hour cycle, the molecularly imprinted polymer was completely regenerated and
the acetone no longer contained residual 17-β-estradiol.

Cantarella et  al. (2019) studied the adsorption of diclofenac to molecularly 
imprinted polymers synthetized by a simple and inexpensive bulk polymerization 
reaction. The authors also reported that materials can be regenerated and reused by 
simply washing with a 3 mL methanol/acetic acid solution in 2 min. The perfor-
mance remained the same after at least four adsorption/regeneration cycles. 
Molecularly imprinted polymers showed exceptional adsorption capacity for the 
adsorption of diclofenac and the process was highly selective. In 10 min, 5 mg of 
molecularly imprinted polymer removed ∼90% of diclofenac from an aqueous solu-
tion at a concentration of 1 × 10−4 mol/L, while only 8% was removed by the cor-
responding non-imprinted polymer. The adsorption capacity was 110μmol/g and
13 μmol/g for the molecularly imprinted polymer and the non-imprinted polymer,
respectively. Due to their easy and inexpensive synthesis, high efficiency and selec-
tivity, easy regeneration and reusability, the authors concluded that the technology 
could be used on a large scale for water treatment.



The use of molecularly imprinted polymers and non-imprinted polymers for the 
removal of emerging contaminants using adsorption-based or solid-phase extraction 
processes is a novel approach that has potential in the field of water engineering 
(BelBruno 2019). Polymers, particularly non-imprinted polymers, are inexpensive 
to manufacture and can be produced in large quantities (Alexander et  al. 2006). 
After use, the materials can be easily regenerated and reused several times. However, 
further research is needed to determine how best to integrate this technology into 
treatment plants. In addition, their potential toxicity and possible health effects are 
subject to discussion (Murray and Örmeci 2012).

1.4.6  Adsorption of Emerging Contaminants onto 
Chitosan-Based Materials

Like cyclodextrin polymers, chitosan-based materials have great potential in envi-
ronmental applications, mainly for metal chelation and dye removal (Crini and 
Lichtfouse 2018a, b). Chitosan is a biopolymer derived from chitin. This aminop-
olysaccharide is capable of interacting and adsorbing a wide range of pollutants 
such as metals, dyes, organics and also emerging substances. In water and wastewa-
ter treatment, chitosan represents an alternative as an ecological complexing agent 
due to its low cost (chitin comes from shellfish wastes), its intrinsic characteristics 
(renewable, non-toxic and biodegradable resource, hydrophilicity) and its chemical 
properties (polyelectrolyte at acidic pH, high reactivity, coagulation, flocculation 
and biosorption properties) resulting from the presence of reactive hydroxyl and 
especially amine groups in the macromolecular chains. Its use in water treatment is 
justified by two other important advantages: firstly, its exceptional pollutant binding 
capacities and excellent selectivity, and secondly, its versatility (Crini and Lichtfouse 
2018a, b; Morin-Crini et al. 2019). Chitosan-based materials can be used in solid 
form for the removal of pollutant from water and wastewater by filtration or adsorp-
tion processes or in liquid state, i.e. dissolved in acidic media, for applications in 
coagulation, flocculation, and membrane filtration technologies (polymer assisted 
ultrafiltration). Among the proposed materials, cross-linked chitosan hydrogels 
deserve particular attention (Morin-Crini et al. 2019).

Chitosan-based materials have been investigated for the removal of emerging 
substances such as perfluorooctane sulfonate (Zhang et  al. 2011), bisphenol A 
(Dehghani et al. 2016; Zhou et al. 2019), amoxicillin (Adriano et al. 2005), sulfa-
methoxazole (Qin et al. 2015; Zhou et al. 2019), ciprofloxacin (Afzal et al. 2018), 
diclofenac (Rizzi et al. 2019), ketoprofen (Rizzi et al. 2019), and caffeine (Sanford 
et al. 2012). For example, Adriano et al. (2005) studied the adsorption of amoxicil-
lin on chitosan beads. Amoxicillin ((2S, 5R, 6R)-6-[[(2R)-2-amino-2-(4- 
hydroxyphenyl) acetyl]amino]-3,3-dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0]heptane- 
2-carboxylic acid) is an antibiotic that belongs to the beta-lactams groups. It is one
of the most important commercial antibiotics due to its high bacterial resistance and



large spectrum against a wide variety of microorganisms. More than 80% of orally 
administered amoxicillin in humans is excreted in the urine after 2 h of consump-
tion. In conventional wastewater treatment systems, it is a difficult substance to 
eliminate due to its structure and amphoteric properties resulting from the presence 
of carboxylic (pKa = 2.68), amine (pKa = 7.49) and hydroxyl (pKa = 9.63) groups 
(Anastopoulos et al. 2020). Its charge changes gradually with pH, due to the differ-
ent functional groups. The pH of wastewater affects not only the ionization of the 
molecules, but also the surface charge of the materials used as adsorbents for their 
removal. Adsorption results described by Adriano et al. (2005) showed that 0.5 g of 
cross- linked chitosan were capable of removing amoxicillin from a 2 mL solution at 
concentrations ranging from 0.2 to 3 mg/L at pH = 6.5, with performances being 
concentration-dependent. The authors reported a maximum adsorption capacity of 
8.71  ±  0.6  mg/g (equilibrium time 2  h). The adsorption mechanism was due to 
strong interactions between the carboxylic, amine and hydroxyl of the amoxicillin 
molecule and those of chitosan.

From literature data, there is no doubt that chitosan-based hydrogels have high 
adsorption capacities. However, these materials are at the laboratory stage and pilot 
studies need to be conducted. Although various laboratories and a few companies 
can synthesize chitosan-materials to order, it is very difficult to find commercial 
sources of cross-linked hydrogels with guaranteed reproducible properties. 
However, the performance can vary depending on the conditions and the method the 
hydrogels are prepared. Despite an abundance of literature reports on industrial 
wastewaters, there is still little information available detailing comprehensive com-
paring various conventional commercial adsorbents under similar conditions. Like 
other non-conventional materials, further research is needed to determine how best 
to integrate this technology into treatment plants.

1.4.7  Nanocellulose as a Novel Adsorbent 
for Environmental Remediation

Nanocelluloses are innovative materials with at least one dimension at the nanoscale 
that are attracting increasing interest in the field of nanotechnology and materials 
science. These materials are highly ordered β-(1→4) glucan chains that are pro-
duced naturally of by chemical processes. Nanocelluloses are mainly obtained from 
naturally occurring cellulose sources. Indeed, they can be obtained from biomass, 
plants or bacteria, using fairly simple, scalable and effective isolation techniques. 
Most nanocellulose is produced from lignocellulose. The term “nanocellulose” 
encompasses a number of cellulose-based materials, whose chemical and physical 
properties generally vary depending on their source and method of extraction: cel-
lulose nanocrystals, nanofibrillated celluloses, and rigid bacterial nanocellulose 
(Moon et al. 2011; Lam et al. 2012).



Pure nanocellulose is non-toxic, biodegradable and biocompatible. In addition, it 
has other advantages such as low cost, abundance, practically renewable, intrinsic 
properties (large surface area) and high reactivity (easy to modify), making it sus-
tainable material for several applications including electronics, optoelectronics and 
engineering, paper industry, composites, antibacterial coatings, food packaging, 
cosmetics and personal hygiene products, medical applications (tissue scaffolds, 
drug delivery), bio-imaging, biosensors, enzyme immobilization, catalysis and 
energy storage and production (Putro et al. 2017; Thomas et al. 2018).

Nanocellulose in its various forms (cellulose nanocrystals, cellulose nanofibrils, 
bacterial cellulose) is also promising material for environmental applications such 
as water treatment (Lam et al. 2012; Herrera-Morales et al. 2017, 2019; Mahfoudhi 
and Boufi 2017; Putro et al. 2017; Voisin et al. 2017; Abouzeid et al. 2018; Abujaber 
et  al. 2018; Mohammed et al. 2018; Shak et  al. 2018; Wang 2019), air filtration 
(Nemoto et al. 2015), membrane filtration (Cruz-Tato et al. 2017; Abouzeid et al. 
2018; Shak et al. 2018; Mautner 2020), flocculation (Shak et al. 2018) and catalytic 
degradation (Mahfoudhi and Boufi 2017; Thomas et al. 2018; Shak et al. 2018). 
Nanocelluloses have been used for the removal of metals, dyes, nitrates, organics 
and microbes from aqueous solution by filtration-, adsorption- or membrane- 
oriented processes. However, for industrial applications, native nanocelluloses have 
a low adsorption capacity due to their hydrophilic crystal structure. Therefore, it is 
necessary to incorporate functionalities by chemical modification of the cellulose 
primary hydroxyl groups to have suitable materials and composites suitable for 
hydrophobic contaminants. This functionalization is also necessary to increase the 
selectivity and affinity of the substances. Hokkanen et al. (2013) and Yu et al. (2013) 
reported that modification using succinic anhydrate and sodium bicarbonate can 
increase adsorption to nanocellulose up to tenfold. Shak et al. (2018) and reviewed 
the different strategies for the preparation of nanocellulose for applications in 
wastewater treatment. An important feature for an application in the water domain 
is the fact that nanocellulose materials are easily regenerated and reusable.

Numerous studies have shown that nanocellulose-based materials are among the 
most promising green adsorbents, and comprehensive reviews have recently been 
published (Mahfoudhi and Boufi 2017; Putro et  al. 2017; Voisin et  al. 2017; 
Abouzeid et al. 2018; Mohammed et al. 2018; Shak et al. 2018; Wang 2019; Mautner 
2020). Herrera-Morales et al. (2017, 2019) demonstrated that modified nanocellu-
loses were capable of effectively adsorbing pharmaceuticals such as sulfamethoxa-
zole and acetaminophen (paracetamol). Abujaber et al. (2018) proposed magnetic 
cellulose nanoparticles electrostatically modified with ionic liquids to adsorb phar-
maceuticals (paracetamol, ibuprofen, naproxen and diclofenac) in less than 30 min 
with extraction recoveries of 86%–16%. Although many studies have been pub-
lished with promising results, nanocelluloses, and more generally nanomaterials, 
are still at the laboratory study stage (Shak et al. 2018).



The biological treatment approach, specifically the activated sludge process, is the 
most commonly used wastewater treatment technology. While it was originally 
designed to only remove organic carbon, it was subsequently extended to remove 
nitrogen and phosphorous. Conventional biological-based technologies are not 
capable of degrading the wide range of organic pollutants present in complex waste-
water. These systems have been adapted and different strategies have been studied, 
including water pre-treatment, the implementation of complementary methods 
based on potabilization techniques such as ozonation and carbon adsorption, or 
pilot studies such as membrane filtration. These latter techniques, reserved for very 
specific water treatment, are already used in industry, but their cost is a brake on 
their development. Other techniques such as constructed wetlands, algal-based 
technologies and enzymatic degradation, and bioreactors are being developed.

1.5.1  Constructed Wetlands for the Removal 
of Emerging Contaminants

Constructed wetlands are engineered systems based on the exploitation of plants for 
water remediation. These phytodepuration systems can be categorized according to 
the operational parameters, such as the type of flow (e.g. horizontal vs vertical, free 
water vs sub-surface), the hydraulic regime and the plant species. In every case, 
constructed wetlands take advantage of the numerous depuration processes that 
occur at the interface between the root system and the wastewater under treatment. 
These physical, chemical and biological processes are the same that may occur in 
natural wetlands and include adsorption on soil/sediment, volatilization, uptake and 
degradation (Gorito et  al. 2017). Constructed Wetlands are an environmental 
friendly, low-cost and easy to maintain technology suitable to remove total sus-
pended solids, ammonia, phosphorous, and to reduce the chemical oxygen demand 
and biological oxygen demand. Thus, they are regarded as an interesting opportu-
nity for wastewater treatment in developing countries (Mahmood et al. 2013) and 
for decentralized systems treating sewage produced by small communities (Zraunig 
et al. 2019). An increasing number of studies investigated the possible use of con-
structed wetlands for the removal of emerging organic contaminants including anti-
biotics and antibiotic resistance genes (Chen et al. 2016b; Huang et al. 2019), other 
pharmaceuticals and endocrine disruptors like bisphenol A (Syranidou et al. 2017; 
Meneghetti Campos et al. 2019) and synthetic dyes (Riva et al. 2019), highlighting 
the promising potential of phytodepuration also as tertiary treatment downstream 
conventional wastewater treatment plants that are not specifically designed to 
remove these types of contaminants, often present in wastewater treatment plant 
effluents (Castiglioni et al. 2006).

1.5  Biological-Based Technologies for the Degradation 
and Elimination of Emerging Contaminants



The contaminant removal in constructed wetlands is due to the synergistic effect 
played by plant roots and their associated microbiome. The plant root system is an 
environmental niche that offer favorable conditions to microorganisms, which are 
specifically recruited through the release of root exudates and can help the plants to 
cope with adverse conditions (Vandenkoornhuyse et al. 2015), like the toxicity of 
emerging contaminants present in wastewaters (Riva et al. 2020). Moreover, micro-
organisms can play a direct role in contaminant degradation. Constructed wetlands 
can be designed using single or mixed plant species, selected among the most 
applied genera like Typha, Phragmites, Iris and Juncus. Interestingly, a constructed 
wetland co-cultivating the halophytes Tamarix parviflora, Juncus acutus, 
Sarcocornia perrenis, and Limoniastrum monopetalum, proved to efficiently 
decrease organic matter and pathogen concentration in the effluent (Fountoulakis 
et al. 2017). This result assumes a relevance for the bioremediation of wastewater 
produced by aquaculture, an anthropic activity of increasing environmental impact, 
also due to the intensive use of antibiotics. Constructed wetlands containing Iris 
pseudacorus and Phragmites australis, planted as single or mixed, were able to 
remove antibiotics and antibiotic resistance genes, with different removal efficacies 
according to the planting pattern and the target molecule. The tested plants showed 
the best removal performances in single species constructed wetlands. I. pseud-
acorus removed up to 77.64%, 68.70%, and 58.21% of enrofloxacin, sulfamethoxa-
zole, and total antibiotic resistance genes, while P. australis showed removal 
efficiencies of 81.11%, 64.94%, and 56.26% for the same molecules and antibiotic 
resistance genes (Huang et al. 2019). Zhang et al. (2016b) setup a laboratory scale 
study under simplified conditions (i.e. hydroponic culture, artificially spiked waste-
water) using different constructed wetland plant genera (i.e. Typha, Phragmites, Iris 
and Juncus) to investigate their remediation capacity towards two pharmaceuticals 
(ibuprofen and iohexol) characterized by different recalcitrance. Both ibuprofen and 
iohexol were uptaken by roots and partially translocated in the plant aerial portion, 
with diverse efficiencies depending upon the plant species and the considered mol-
ecule (Zhang et al. 2016b). Moreover, the experiment showed that ibuprofen was 
almost completely metabolized in the microcosms, and the degradation of iohexol 
could reach up to 80% of the initial amount using P. australis. The removal of ibu-
profen and iohexol was due to both plant and microbe metabolisms, and the authors 
suggested a role of root exudates in the promotion of pharmaceuticals degradation, 
a well-known mechanism exploited for rhizoremediation of persistent contaminants 
in soil (Vergani et al. 2017). In a microcosm scale study using also P. australis in a 
vertical subsurface flow constructed wetland, high removal efficiencies were weekly 
shown for all micopollutants (except for 2-ethylhexyl-4-methoxycinnamate) in both 
spiked experiments with 36 multi-class pollutants and non-spiked freshwater aqua-
culture effluents containing atrazine, isoproturon, perfluorooctanesulfonic acid, 
clarithromycin, erythromycin, fluoxetine, norfluoxetine, and 2-ethylhexyl-4- 
methoxycinnamate (Gorito et al. 2018). The high removal capacity of P. australis 
was demonstrated also on the antiepileptic carbamazepine in a study that showed 
how several bacterial species isolated from P. australis endosphere (i.e. the internal 
root tissue) were able to remove and degrade the pharmaceuticals (Sauvêtre and 



Schröeder 2015). Likewise, bacterial endophytes were isolated from J. acutus plants 
grown in a pilot constructed wetland, treating water contaminated with bisphenol A, 
and many strains were able to tolerate and use bisphenol A, ciprofloxacin and sulfa-
methoxazole as sole carbon source (Syranidou et al. 2017).

In the last decade, the role of bacteria dwelling the root system of constructed 
wetland plants has gained increasing attention, and the importance of microbial 
metabolism for the degradation of pharmaceuticals and other organic molecules 
suggested the possibility to exploit bacteria endowed with plant growth promoting 
capacities, tolerant and able to remove emerging contaminants in the so-called 
‘microbial assisted phytodepuration’. For example, plant growth promoting bacte-
ria improved the removal of the model azo-dye Reactive Black 5  in constructed 
wetland microcosms planted using J. acutus. Microcosms containing plants inocu-
lated using two different single inocula and a mixed consortium of previously 
selected root-associated bacteria showed a higher decrease of Reactive Black 5 con-
centration in the effluent compared to the non-inoculated control ones, suggesting 
that this approach could be an interesting solution for the remediation of textile 
industry wastewater (Riva et al. 2019). On the whole, constructed wetlands repre-
sent a wastewater treatment technology of interest also for water reclamation, a 
current world-wide priority in the light of global warming and water crisis, although 
its benefits and risks should be carefully evaluated according to the final purposes of 
water reuse (Riva et al. 2020).

1.5.2  Algal-Based Removal Strategies 
for Emerging Contaminants

One solution could be the use of biological materials such as algae and fungi 
(Parlade et al. 2018; Silva et al. 2019; Tolboom et al. 2019; Tomasini and León- 
Santiesteban 2019). Algae are known to be effective in the treatment of water con-
taminated with organic pollutants through biological processes such as 
bioremediation (phytoremediation) and biosorption. The use of algae for the 
removal of emerging contaminants has many advantages such as the use of low-cost 
materials, low capital investment, simple operation, reduced maintenance and the 
absence of formation of degradation by-products. Algae are also highly adaptive 
microorganisms and can grow autotrophically, heterotrophically or mixotrophically. 
They can grow in very harsh environmental conditions such as low nutrient levels, 
and extreme pH and temperature. Algae can acclimatize not only to change depend-
ing on the temperature and nutrient availability, but also salinity and light. In gen-
eral, the characteristics of municipal wastewaters and industrial effluents (e.g. 
textile and pulp and paper industries) are suitable for algae cultivation, since these 
waters are a source of nutrients. Over the past two decades, extensive research has 
shown the potential application of advanced algal-based technologies for the 
removal of pollutants (Silva et al. 2019; Tolboom et al. 2019).



Tolboom et al. (2019) recently reviewed algal-based removal strategies for the 
removal of emerging contaminants through efficient biological degradation. In 
laboratory- scale studies, algae-based bioreactors such as open ponds and bubble 
column photobioreactors are capable of removing pharmaceuticals and endocrine 
disruptors. Open ponds are artificial ponds of limited depth (around 0.03–0.07 m) 
used for the cultivation of microalgae without agitation. Their advantages are low 
investment cost, ease of use and low operating cost. However, a lot of space is 
required for algae growth. Other problems include poor use of light by the cells, 
variations in pH and dissolved oxygen, water loss due to evaporation, diffusion of 
carbon dioxide into the environment, temperature fluctuations, and inefficient agita-
tion. The operational factors that influence algae growth in these open systems are 
mixing, dilution rate and depth. Open ponds operate with a long hydraulic retention 
time to consume carbon dioxide during the day (photosynthesis) and provide oxy-
gen for aerobic biodegradation. Closed systems have been designed to overcome 
most of the problems associated with open systems. Photobioreactors are closed 
tubular systems, mainly designed in vertical, horizontal and helical form (coil tube, 
flat plate, bubble column, air column or agitation tank). Each system has its own 
advantages and drawbacks (Silva et al. 2019). Closed bioreactors provide a tightly 
controlled environment for the isolation of the microalgal strain, ensuring increased 
productivity, biomass quality and the ability to explore a wider range of strains. The 
benefits are an easier pH and temperature control, higher volumetric efficiency, bet-
ter use of the growing area, higher capture of radiant energy and less water loss. 
Closed systems also reduce the contamination risk and the loss of carbon dioxide to 
the atmosphere. This concept is promising, but the costs of such reactors are higher 
(expensive to install and to maintain) and are an obstacle to its development. Their 
design must be carefully optimized for each individual strain. A detailed discussion 
on these systems and their physicochemical characteristics can be found in the fol-
lowing references: de Godos et  al. (2012), Singh and Sharma (2012), Slade and 
Bauen (2013), Meneses-Jácome et  al. (2016), Matamoros et  al. (2015), Gouveia 
et al. (2016), Norvill et al. (2017), and Silva et al. (2019).

Tolboom et al. (2019) reported high removal percentages (>90%) for metoprolol, 
triclosan, and salicylic acid, moderate (50–90%) for carbamazepine and tramadol 
and very low (<10%) for trimethoprim and ciprofloxacin by inoculation of different 
microalgae. Similar results were also obtained for metoprolol (Bai and Acharya 
2017; Gentili and Fick 2017), tramadol (Ali et al. 2018), salicylic acid (Escapa et al. 
2017a, b), and triclosan (Matamoros et al. 2015; Bai and Acharya 2017). However, 
for ciprofloxacin, a high elimination of >90% was reported by Bai and Acharya 
(2017). Carbamazepine (Matamoros et al. 2015) and trimethoprim (de Wilt et al. 
2016) showed less promising results with elimination rates of 62% and 60%, respec-
tively. In fact, the removal efficiency depended mainly on the algae species used, 
such as Chlorella vulgaris, Chlorella sorokiniana and Nannochloris sp. For exam-
ple, Escapa et al. (2017a, b), who evaluated the removal capacity of Chlorella vul-
garis, Tetradesmus obliquus and Chlorella sorokiniana from wastewater containing 



paracetamol and salicylic acid using algae-based bioreactors, demonstrated that 
T. obliquus removed both pharmaceutical contaminants better than C. vulgaris in
batch culture. The removal efficiency of salicylic acid by Tetradesmus obliquus was
greater than 93% and that of Chlorella vulgaris was higher than 25%. Parameters
that play an important role in pollutant degradation processes are not only the con-
sortium of microorganisms present and its efficiency, but also the conditions used
during degradation (temperature, seasons, retention time, environmental pH, dis-
solved oxygen, light periods). Performance also depends on chemical factors related 
to the pollutants, such as their structure and stereochemistry, concentration, toxicity
and the presence of several pollutants.

The mechanisms involved in algae photobioreactors are complex and are being 
elucidated (de Godos et al. 2012; Matamoros et al. 2015; Xiong et al. 2016; Silva 
et  al. 2019; Tolboom et  al. 2019). Nevertheless, the elimination processes often 
referred to are biodegradation, photodegradation and biosorption (cell sorption and 
bioaccumulation) to algae. Other mechanisms and interactions are also cited, such 
as volatilization (stripping), biotransformation, bioprecipitation (biomineraliza-
tion), and oxidation/reduction reactions. Bioaccumulation of pollutants in algae 
cells can also induce the generation of reactive oxygen species, free radicals, and 
non-radical forms such as hydrogen peroxide and single oxygen. For example, de 
Godos et  al. (2012), studying the mechanism of elimination of tetracycline by 
Chlorella vulgaris, reported that photodegradation and biosorption were the main 
interactions to explain biodegradation. Matamoros et al. (2015) showed that biodeg-
radation and photodegradation were the most relevant removal pathways for 26 con-
taminants in municipal wastewater in a study conducted in two pilot ponds of “high 
quality algae”. Volatilization was considered negligible for pharmaceuticals due to 
their low Henry’s constant values. However, for recalcitrant hydrophobic com-
pounds, volatilization and sorption pathways were predominant. Xiong et al. (2016), 
studying the removal of carbamazepine by the microalgae Chlamydomonas mexi-
cana and Scenedesmus obliquus, demonstrated that both species simultaneously 
promote the biodegradation, adsorption and bioaccumulation of carbamazepine.

All the studies concluded that this technique can open up new opportunities for 
wastewater treatment and reduce environmental pollution that can have adverse 
effects on the ecosystem and human health. There are still areas to be explored or 
improved, such as the testing of other algal species (often the same species are used 
alone or in combination), the selection of different microorganisms with specific 
metabolism for different pollutants (currently there is a lot of research on the use of 
genetically modified microorganisms), the improvement of knowledge on the often 
slow kinetic and biodegradation mechanisms, and the optimization and better con-
trol of the operating parameters (temperature, pH, dissolved oxygen, etc.) as they 
are difficult to control on a large scale, which is a great challenge for this applica-
tion. It is also necessary to acquire knowledge on other problems such as the incom-
plete transformation of certain recalcitrant pollutants.



1.5.3  Use of Fungi for Removal of Emerging Contaminants

Fungi have also been recognized for their ability to transform a wide range of recal-
citrant compounds using non-specific intracellular and extracellular oxidizing 
enzymes (Spina et al. 2012). The use of fungi for the removal of emerging contami-
nants through biological processes such as mycoremediation and biosorption has 
the same advantages as those cited for the use of algae (Spina et al. 2012; Zhang 
et  al. 2013; Badia-Fabregat et  al. 2015; Asif et  al. 2017; Tomasini and León- 
Santiesteban 2019).

Fungi are indeed microorganisms known for their effectiveness in treating water 
contaminated by pollutants such as pharmaceuticals. Fungal reactors (mycoreac-
tors) can be suspended or immobilized growth systems. They can operate under 
aerobic or anaerobic conditions. This technology requires specific and controlled 
conditions in order to maintain a sustainable and efficient process. For example, the 
oxidative metabolism of fungi can be strongly affected by the presence of nutrients, 
pH, immobilization on different supports, and agitation or static growth conditions. 
Recent comprehensive reviews on fungal technologies for the degradation of phar-
maceuticals and personal care products have been published (Asif et  al. 2017; 
Rodríguez-Rodríguez et  al. 2019; Silva et  al. 2019; Tomasini and León- 
Santiesteban 2019).

Cruz-Morató et  al. (2013) studied the degradation of pharmaceuticals in non- 
sterile urban wastewater at the Universitat Autónoma de Barcelona (Spain) by 
Trametes versicolor in a fluidized bed reactor. Of the 80 pharmaceuticals analyzed, 
13 were detected in the effluent of sterile urban wastewater, the most abundant 
belonging to the group of analgesic/anti-inflammatory compounds, especially 
naproxen (35.58 ± 4.8 μg/L) and ibuprofen (12.61 ± 1.79 μg/L). Complete elimina-
tion of both analgesics, ibuprofen and naproxen, occurred within 24 h after fungal 
treatment. A similar conclusion was reported by Marco-Urrea et al. (2009). Other 
analgesics as acetaminophen and codeine were initially detected at concentrations 
of 3.87 ± 0.41 μg/L and 0.02 ± 0.001 μg/L and were completely removed after 8 h
and 2 days, respectively (Cruz-Morató et al. 2013). The analgesics ketoprofen and 
salicylic acid were also initially detected in wastewater at concentrations of 
0.48 ± 0.07 μg/L and 0.85 ± 0.11 μg/L, respectively. Changes in concentrations dur-
ing treatment showed unexpected behavior with increases and decreases, but after 
8 days the concentration were 0.31 ± 0.04 μg/L (ketoprofen) and 1.24 ± 0.07 μg/L
(salicylic acid), corresponding to a 35% removal of ketoprofen and a 46% increase 
in salicylic acid concentration. The possible release of these compounds may be 
explained by the deconjugation of glucuronides during biological treatment. 
Complete removal of 7 of the 10 initially detected pharmaceuticals was achieved in 
non-sterile conditions after 24 h of fungal treatment, while only 2 were partially 
removed and 1 of the pharmaceuticals tested increased its concentration. Antibiotics 
such as erythromycin (detected at 0.3 μg/L) and metronidazole (detected at
0.05 μg/L) were successfully removed: erythromycin was completely eliminated
within 15 min while the elimination of metronidazole was obtained after 2 days. 



Carbamazepine, a well-known recalcitrant psychiatric drug in activated sludge 
treatment was also detected in the wastewater at 0.7μg/L. Cruz-Morató et al. (2013)
showed that carbamazepine and its metabolites were also strongly eliminated by 
T. versicolor during batch treatment in a fluidized bed bioreactor under sterile con-
ditions, in agreement with the results published by Zhang and Geiβen (2012). In
addition, the Vibrio fischeri luminescence test (Microtox® test) showed a significant 
reduction in wastewater toxicity after treatment. Cruz-Morató et  al. (2013) con-
cluded that it was possible to use a fluidized bed bioreactor to remove pharmaceuti-
cals at environmentally relevant concentrations under non-sterile conditions by 
T. versicolor.

In another work, the same authors treated hospital wastewaters (collected in the
main sewer of the University Hospital of Girona, Dr. Josep Trueta, Girona, Spain) 
in a fungal bioreactor with Trametes versicolor, under sterile and non-sterile condi-
tions (Cruz-Morató et  al. 2014). Preliminary analytical monitoring of hospital 
wastewater showed that the most frequently detected families of substances were 
analgesics, antibiotics, psychiatric drugs, endocrine disruptors and X-ray contrast 
media, at concentrations ranging from ng/L to mg/L. Results showed that 46 of the 
51 detected pharmaceuticals were partially degraded and completely eliminated in 
non-sterile experiments after 8 days. The initial total amount of pharmaceuticals in 
the bioreactor was 8185μg in sterile treatment and 8426 μg in non-sterile treatment,
and the overall load removal was 83.2% and 53.3% in their respective treatments. In 
particular, diclofenac (a recalcitrant compound in municipal wastewater treatment 
plant) and human metabolites of carbamazepine were efficiently removed. The 
lower removal detected in the non-sterile treatment is explained by the higher con-
centrations of caffeine (149 μg/L) and iopromide (419.7 μg/L), which are some of
the most difficult compounds to be  degraded by the fungus (<40% removal). 
Excluding caffeine and iopromide concentrations, the overall elimination of phar-
maceuticals and endocrine disruptors was greater than 94% in both treatments. The 
treatment time required to achieve complete removal of the targeted pollutants 
highly depended on the type of pharmaceutical. For instance, almost complete elim-
ination of analgesics was observed within 24  h, whereas similar results were 
observed for antibiotics within 5 days. Experiments also showed a significant reduc-
tion in wastewater toxicity after treatment, confirming the relevance of fungal treat-
ment. The fact that the overall percentage of pollutant removal was similar in sterile 
and non-sterile treatments indicated that T. versicolor played a major role in this 
process and that the synergistic interaction between native bacteria and fungi did 
not improve removal efficiency. This result was also relevant as it indicated that 
sterility was not a mandatory condition for applying T. versicolor for this purpose. 
However, one of the main disadvantages of this process was that after treatment, the 
pH had to be neutralized since it reached acidic conditions due to the secretion of 
organic acids by the fungus. Cruz-Morató et al. (2014) concluded that fungi-based 
technologies were a potential alternative to pretreatment of complex hospital 
wastewater.

Vasiliadou et  al. (2016) studied the biological removal of 13 pharmaceutical 
compounds using white rot fungi, Trametes versicolor and Ganoderma lucidum, 



with concomitant production of fatty acid methyl esters from the residual biomass. 
Both strains were used individually or simultaneously for the oxidative removal of 
pharmaceuticals. Trametes versicolor and Ganoderma lucidum allowed 100% 
removal of diclofenac, gemfibrozil, ibuprofen, progesterone and ranitidine by indi-
vidual or simultaneous strains after 7 days of incubation. Lower removals, ranging 
from 15 to 41%, were obtained for other less biodegradable substances 
(4- acetamidoantipyrin, clofibric acid, atenolol, caffeine, carbamazepine, hydrochlo-
rothiazide, sulfamethoxazole and sulpiride), although the combination of the two 
strains improved the efficiency of the system. Vasiliadou et al. (2016) also demon-
strated efficient production of biodiesel from the residual fungal mass. The white rot 
fungus Trametes versicolor also reduced the estrogenic activity of a mixture of 
emerging contaminants in wastewater treatment plant effluent (Shreve et al. 2016; 
Singhal and Perez-Garcia 2016). Cruz del Álamo et al. (2018) also reported on the 
performance of an advanced bio-oxidation process based on fungi Trametes versi-
color immobilized in a continuous rotating bioreactor to degrade pharmaceutical 
compounds in municipal wastewater. Further examples can be found in the review 
by Asif et  al. (2017) and in two books recently edited by Tomasini and León- 
Santiesteban (2019), and by Yadav et al. (2019).

Numerous studies have demonstrated that white rot fungi are capable of degrad-
ing a wide range of pharmaceuticals and personal care products, including even 
xenobiotics and recalcitrant compounds (Yadav et al. 2019). Although the technical 
feasibility and effectiveness of this technology has been demonstrated, further 
research is needed before this method can be applied on a large-scale.

1.5.4  Other Biological Strategies for the Biodegradation 
of Emerging Contaminants

Other biological approaches for the degradation of emerging contaminants and the 
reduction of their negative impact include enzymatic degradation. Bioremediation 
using enzymes (transferases, hydrolases, oxidoreductases, etc.) is a cost-effective 
and environmentally friendly biotechnology. Enzymes are biological catalysts that 
facilitate the conversion of substrates into products by providing favorable condi-
tions that reduce the activation energy of the reaction. Each enzyme has its own 
mode of action: transferases catalyze the transfer of a functional group from a donor 
to an acceptor; hydrolases facilitate the cleavage of C-C, C-O, C-N and other bonds 
by water; oxidoreductases catalyze the transfer electrons and protons from a donor 
to an acceptor (Karigar and Rao 2011). The microbial enzyme plays an important 
role in bioremediation. Laccases are multinuclear copper-containing oxidoreduc-
tases and can perform electron oxidation of a broad spectrum of environmental 
contaminants. They are known for their potential to oxidize a broad spectrum of 
phenol-based compounds, dyes, inorganic substances and pesticides. This group of 
versatile enzymes is also known as a green catalyst with significant potential to 



tackle emerging substances. These enzymes are an environmentally friendly substi-
tute for conventional chemical reactions. Recent comprehensive reviews published 
by Iqbal’s group are available on these topics (Ahmed and Iqbal 2017; Bilal et al. 
2019a, b). Iqbal’s group concluded that laccases are one the most promising enzyme 
groups with potential uses in bioremediation and treatment of recalcitrant pollutants 
and xenobiotics. However, knowledge about this enzyme capable of degrading these 
substances is still limited, partly due to the lack of rapid screening methods 
(Stadlmair et al. 2018). Nevertheless, this is an area of research in full development 
and significant advances are expected in the future.

1.5.5  Membrane Bioreactor Technology for Emerging 
Contaminant Removal

Membrane bioreactor technology has been known since the 1970s, but its develop-
ment took off in the 2000s. Its market value is currently continuing to increase as 
environmental regulations are becoming increasingly strict. The technology is 
becoming more and more profitable as the costs of membranes and the related mem-
brane processes continue to fall. Indeed, among industrial water treatment tech-
niques, membrane water treatment is now considered to be competitive with other 
techniques both from a chemical efficiency and an economic point of view. However, 
it has not yet overwhelmed the market due to some serious drawbacks such as mem-
brane fouling.

Full-scale membrane bioreactor technology is a coupling of two wastewater 
treatment methods, biological treatment and membrane separation (Domańska et al. 
2007; Judd 2008; Huang et al. 2010). Conventional treatment of municipal waste-
water generally involves three-stages: sedimentation of solids in the feed water (pri-
mary treatment), coupled with a coagulation stage when it rains for example, 
followed by treatment of organic matter by aerobic degradation (e.g. activated 
sludge, secondary treatment), and finally a second sedimentation process to remove 
biomass. Tertiary treatment is also possible, either to remove residual pollution and/
or to disinfect the treated wastewater.

Membrane bioreactor technology can replace both physical separation processes 
by filtering the biomass through a membrane. As a result, the quality of water pro-
duced is much higher than that generated by conventional treatment, thus avoiding 
the need of another tertiary process (Ma et al. 2018; Jalilnejad et al. 2020). Membrane 
bioreactors are slightly more efficient than activated sludge for the removal of 
organic matter because they combine biodegradation and membrane separation. 
Biodegradation converts minerals, organic matter and organic compounds into less 
toxic and refractory substances or, ideally, mineralizes them, while the final step 
using membranes reduces the chemical oxygen demand, promotes the retention of 
suspended solids and pathogens and salts, depending on the type of membrane used 
(microfiltration, ultrafiltration, nanofiltration or reverse osmosis). Compared to 



other conventional treatment processes, membrane bioreactor technology is also a 
smaller and simpler integrated process (compact installation), with less sludge pro-
duction, complete biomass retention, high performance of nutrient removal, low 
energy density requirements, and much smaller footprint (Jalilnejad et al. 2020). 
The main shortcomings of membrane filtration are the generation of large volumes 
of concentrate that must be treated separately and the fouling of the membranes 
(which can considerably reduce their performance and lifetime), which then leads 
to a significant increase in maintenance and operating costs (Huang et  al. 2010; 
Iorhemen et  al. 2016). A challenge of interest to the scientific community is the 
search for sustainable strategies to reduce membrane fouling. Other problems often 
mentioned are the generally longer retention times of the sludge, the higher biomass 
concentration of the reactors and the high variance of the separation step between 
the liquid phase and the sludge. It is also important to note that membrane bioreac-
tor technology, like other techniques such as adsorption or membrane filtration, is a 
simple transfer process rather than a transformation/degradation process (as in the 
case of advanced oxidation processes). Attention should therefore be paid to the 
treatment of wastewater sludge (Ma et al. 2018).

Membrane bioreactors were originally designed and used for the treatment of 
domestic wastewater to remove conventional pollutants (organic matter, minerals, 
metals) and pollution (suspended solids, chemical oxygen demand, biological oxy-
gen demand) (Radjenovic et  al. 2007; González et  al. 2008; Huang et al. 2010). 
They have subsequently been extended to a wide range of wastewaters, including 
urban runoff, mine wastewater and industrial effluents (González et  al. 2008). 
Research interests in membrane reactor technique have grown rapidly in recent 
years. Indeed, studies also showed that membrane bioreactors are effective in 
removing emerging substances, mostly pharmaceuticals (Maeng et al. 2013; Ojajuni 
et al. 2015; Phan et al. 2015; Sanguanpak et al. 2015; Alvarino et al. 2017; Besha 
et al. 2017; Gurung et al. 2017; Abargues et al. 2018; Jiang et al. 2018; Ma et al. 
2018; Mert et al. 2018; Bodzek 2019; Borea et al. 2019; Monteoliva-García et al. 
2019; Lim et al. 2020; Pathak et al. 2020; Racar et al. 2020; Vieira et al. 2020).

Maeng et  al. (2013) demonstrated that membrane bioreactor technology is an 
excellent approach for removing trace pharmaceuticals from complex wastewater. 
They reported high removal efficiency (>80–90%) for acetaminophen, ibuprofen, 
bezafibrate, estrogens (estrone, estradiol, estriol). Phan et al. (2015) reported that 
membrane bioreactor technology can generally achieve high pollutant removal effi-
ciency with the effluent quality largely complying with the Australian guidelines for 
water recycling (except for caffeine, estrone and triclosan). Performance is a func-
tion of temperature (Suárez et  al. 2012; Gurung et  al. 2017) and pH-dependent 
(Sanguanpak et al. 2015). Suárez et al. (2012) evaluated the removal efficiency of 
sulfamethoxazole and erythromycin as a function of temperature and the results 
indicated that an increase in temperature resulted in 30% higher removal than in 
cold weathers. However, an increase in temperature to a high level, e.g. 45 °C, may 
inhibit metabolic activity (Besha et al. 2017). Similarly, low temperature impairs 
treatment efficiency. Gurung et al. (2017) also indicated that the removal efficiency 
of bisoprolol, diclofenac and bisphenol A was highly dependent on temperature, 



with maximum removal of 65%, 38% and >97%, respectively. Sanguanpak et al. 
(2015) reported that membrane bioreactors performed better for analgesics and anti- 
inflammatory drugs (e.g. ibuprofen, diclofenac and ketoprofen) under low pH con-
ditions (the optimal pH was about 6), mainly due to the increased lipophilicity and 
the ionisability of pH-dependent molecules.

Racar et  al. (2020) investigated the removal of several emerging substances, 
mainly pharmaceuticals, from wastewater from a treatment plant located in Čakovec 
(Croatia) by a membrane bioreactor. A 6-month analytical monitoring of wastewa-
ter showed 12 substances were systematically detected with a high variation in con-
centration. The highest values (up to 500 μg/L) were found in the winter period.
Azithromycin (92.54  ±  113.90 μg/L), clarithromycin (50.49  ±  80.95 μg/L), and
diclofenac (71.57 ± 57.41 μg/L) were the most prevalent, while the other measured
pharmaceuticals showed wide variations in concentration, in particular acetamiprid, 
clothianidin, imidacloprid and thiamethoxam, a high concentration in November, 
while the other months had significantly lower concentrations. The authors demon-
strated that membrane bioreactor technology achieves high removal rates (to levels 
below the limit of quantification) for all substances, regardless of the season.

Vieira et al. (2020) recently compared the efficiency of adsorption, membrane 
separation and biodegradation to remove endocrine disruptors (parabens, bisphe-
nols, phthalates, estrogens and nonylphenols) and pesticides and discussed the 
advantages and disadvantages of each process.

Literature data shows that the three main removal mechanisms for substances 
that occur in membrane bioreactors are adsorption/sorption/biosorption (onto 
sludge flocs and bound microbial products), biological degradation (aerobic degra-
dation, anaerobic degradation, metabolism and co-metabolism, ion trapping mecha-
nisms) and membrane separation. For adsorption process, the efficiency largely 
depends on the physicochemical characteristics of emerging substances, e.g. hydro-
phobicity, hydrogen bond, electrostatic interactions, etc. For biological degradation, 
performance depends also on the biodegradability and bioavailability of the sub-
stances, and the condition used (oxidation-reduction potential plays an important 
role in the microbial diversity, enzymatic functions and activities). Suárez et  al. 
(2012) reported that musks (galaxolide, tonalide and celestolide) and estrogens 
(estrone and estradiol) can be well degraded under aerobic and anoxic conditions, 
whereas the transformation of ibuprofen, roxithromycin, erythromycin, citalopram 
and naproxen occurs only in the aerobic process. In contrast, the degradation of 
diclofenac, sulfamethoxazole, diazepam, trimethoprim and carbamazepine is much 
less effective in the presence of oxygen species. Membrane separation is another 
mechanism (size exclusion, charge repulsion) contributing to pollutant removal and 
it depends on the type of membrane used. Alvarino et al. (2017) demonstrated that 
the removal efficiency of diclofenac and roxithromycin in an ultrafiltration mem-
brane bioreactor was higher than that in a microfiltration membrane bioreactor due 
to the retention by the cake layer. However, ultrafiltration does not eliminate all 
pollutants. The solution would be to generalize the use of nanofiltration and osmosis 
membranes, but then there is the problem of energy consumption and maintenance 
costs of the membranes, which can clog up more quickly.



Most of the studies published in the literature on the behavior of membrane bio-
reactors in relation to emerging substances (mainly pharmaceuticals) have been 
conducted on a  laboratory scale. Pilot projects at industrial scale have yet to be 
conducted on a much wider range of substances including different families of phar-
maceutical compounds, personal products and cosmetics, pesticides and industrial 
substances. Another important challenge is the presence of nanoparticles and nano-
products in wastewater that can create clogging problems.

The sustainable application of membrane bioreactor technology requires a better 
understanding of the fate of pollutants, research on biotransformation mechanisms 
and the combination of bioreactors with emerging technologies such as advanced 
oxidation processes (Borea et al. 2019; Monteoliva-García et al. 2019). The idea 
developed in this recent research theme is to use the redox reactions that occur on 
the surface of a conductive membrane (under anodic or cathodic polarization). 
These reactions can facilitate the transformation of refractory pollutants, which is a 
clear advantage over conventional processes, and reduce membrane fouling, while 
having negligible effects on microbial activities in the effluent.

There are two other aspects that are becoming increasingly important in the field 
of water treatment. The first is the recycling of water, especially for irrigation of 
agricultural soils or golf courses. Recycling or reuse of wastewater could also be a 
way of supplementing available water supplies. Effluents from membrane bioreac-
tor technology are capable of meeting or exceeding current drinking water regula-
tions. However, there are several barriers to water reuse. For example, the public 
perception of recycled water for drinking water production is less than favorable, 
while the reuse of water for irrigation is generally accepted. The second is to con-
sider wastewater as a resource and not as a waste. Conventional municipal wastewa-
ter treatment plants such as those applying activated sludge are energy-intensive, 
produce large quantities of residues (sludge) and fail to recover the potential 
resources available in wastewater. Furthermore, in this respect, wastewater is often 
considered as a waste. However, wastewater should be considered a resource 
because it contains organic matter, phosphorus, nitrogen, metals and energy. 
Membrane techniques could make it possible to recover compounds with high 
added value. Of course, there is the question of the presence of emerging substances. 
In this context, biological membrane technologies coupled with other methods 
could be useful.

1.6  Removal of Emerging Contaminants by 
Membrane Filtration

Advanced treatment methods such as membrane filtration are potential technologies 
capable of removing a wide range of pollutants detected in water, even at trace lev-
els, and are already used at industrial scale as tertiary treatment (Kunst and Košutić 
2008; Ojajuni et al. 2015; Hu et al. 2017; Warsinger et al. 2018). In simple terms, 



the membrane filtration process is a physical separation method characterized by 
the ability to separate molecules of different sizes and characteristics. Its driving 
force is the pressure difference between the two sides of a special membrane. The 
technology involves passing a single feed stream through a membrane system that 
separates it into two individual streams, called permeate and retentate. The mem-
brane that separates them is a physical barrier with highly specialized characteris-
tics – a barrier that only selected components of the feed stream can pass through. 
There are four main types of membranes, defined according the size of the sub-
stance they must separate from the feed effluent: reverse osmosis, nanofiltration, 
ultrafiltration and microfiltration, in order of pore size. For wastewater treatment, 
the two preferred methods are reverse osmosis and nanofiltration, which are 
pressure- driven membrane technologies that can remove contaminants to 0.1 nm 
and 1 nm, respectively. Both methods are diffusion and size exclusion controlled 
processes. They have the largest treatment capacity but require the greatest degree 
of pre-treatment. These technologies are known for their capacity to remove phar-
maceuticals (ibuprofen, naproxen, trimethoprim, diazepam 17-β-estradiol, testos-
terone) and personal care products (triclosan, alkylphenols).

Mehran Abtahi et  al. (2018) showed that the removal rates of diclofenac, 
naproxen, ibuprofen and 4-n-nonylphenol by nanofiltration can reach 77%, 56%, 
44%, and 70%, respectively. Alonso et al. (2018), investigating the removal of cip-
rofloxacin in synthetic seawater by a commercial spiral-wound reverse osmosis 
membrane, showed that more than 90% of ciprofloxacin could be successfully 
removed by reverse osmosis membrane under constant pressure, and the maximum 
removal rate was 99.96%. In general, to treat pharmaceuticals and personal care 
products, nanofiltration has shown to be superior to other conventional filtration 
methods, in terms of effluent quality, easy operation and maintenance procedures, 
low cost, and small required operational space (Hu et al. 2017; Mehran Abtahi et al. 
2018). However, reverse osmosis is the most effective in removing pesticides. In 
reality, there are no general rules because the performance depends not only on the 
membranes used and the pre-treatments undergone by the effluents, but also on 
several parameters such as the complexity of the effluents, the type(s) of substance(s), 
or their concentration. It is therefore necessary to carry out numerous tests at pilot 
scale before defining the choice of the membrane technique to be used.

A recent review by Kim et al. (2018) provides a comprehensive overview of the 
most relevant works available in literature reporting the use of membrane filtration 
for the removal of emerging contaminants. The fundamental knowledge of forward 
osmosis (the force that drives the separation is concentration gradient), reverse 
osmosis (pressure-driven process), nanofiltration (pressure-driven process) and 
ultrafiltration (pressure-driven process) technologies has been described. This 
review also aimed to address several key parameters, including the physicochemical 
properties of emerging contaminants (solute molecular weight/size/geometry, 
charge, and hydrophobicity), water quality conditions (pH, solute concentration, 
temperature, background inorganics, and natural organic matter), and membrane 
properties and operating conditions (membrane fouling, membrane pore size, poros-
ity, charge, and pressure) that influence the removal of emerging contaminants 



during membrane filtration, and separation mechanisms. Overall, the general emerg-
ing contaminant removal trend was as follows: (i) the removal efficiency for the 
membranes follows the declining order: reverse osmosis ≥ forward osmosis > nano-
filtration > ultrafiltration; (ii) the retention of emerging contaminants by reverse 
osmosis and forward osmosis membranes is mainly governed by size/steric exclu-
sion, while high retention can still be achieved due to hydrophobic (adsorption) and 
electrostatic (attraction) interactions for nanofiltration and ultrafiltration mem-
branes; (iii) more polar, less volatile, and less hydrophobic organic emerging con-
taminants have less retention than less polar, more volatile, and more hydrophobic 
substances; (iv) while, in general, forward osmosis and reverse osmosis membranes 
show significant metal/toxic anion retention (>95%) regardless of water quality and 
operating conditions, metal/toxic anion retention by nanofiltration and ultrafiltra-
tion membranes is more efficient at neutral and alkaline conditions than at acidic 
values; and (v) while ultrafiltration alone may not effectively remove emerging con-
taminants, it can be employed as a pretreatment step prior to forward osmosis and 
reverse osmosis.

The advantages of membrane filtration often cited are: a wide range of commer-
cial membranes available from several manufacturers, modular design, small foot-
print, simple and efficient technologies, production of high quality treated 
wastewater, no chemicals required, low energy consumption, and well-known sepa-
ration mechanisms. The main disadvantages are: high investment costs, high energy 
requirements, high maintenance and operating costs, rapid clogging of the mem-
branes (pre-treatment is essential), formation of separate contaminant concentrates 
(retentate), which must be removed. A major disadvantage of membrane filtration 
compared to advanced oxidation processes is indeed that the substances are only 
transferred into concentrate streams and not destroyed, as in the case of advanced 
oxidation, and therefore the concentrate requires additional treatment and disposal. 
Despite this, in Europe, advanced tertiary adsorption processes on activated carbon, 
combined with a chemical oxidation step, are in competition with membrane tech-
nologies because the latter are particularly effective in removing complex mixtures 
of substances, even in trace amounts and in the presence of many interferents.

1.7  Advanced Oxidation Processes to Degrade 
Emerging Contaminants

1.7.1  Removal of Emerging Contaminants Through 
Wastewater Disinfection

The main objective of disinfection is to either eliminate pathogens from water for 
the production of potable water or to reduce the pathogen content of treated waste-
water in wastewater treatment plants. Disinfection is indeed the final treatment step 
for the production of potable water. It is an important step because the use of water 
disinfection as a public health measure reduces the spread of diseases.



Pathogenic microorganisms are destroyed or inactivated using chemical or phys-
ical disinfectants such as chlorine, chlorine dioxide, hypochlorite, ozone, peracetic 
acid, bromide, iodine, non-ionizing radiation (ultraviolet radiation, ultrasonic radia-
tion), and ionizing radiation (gamma ray). Among chemicals, chlorine and its com-
pounds, chlorine dioxide and ozone, are the most common disinfectants used in the 
water industry. The main mechanisms of germicidal action of disinfectants are 
related to the direct oxidation of the cell of microorganisms by the disinfectant or to 
the alteration of the permeability of the cell wall, or even to the photochemical dete-
rioration of their DNA or RNA (ultraviolet radiation) (Asano et  al. 2007). 
Disinfectants are also known to remove organic contaminants from water, which act 
as nutrients or shelter for microorganisms. They must also have a residual effect to 
prevent microorganisms from growing in the pipe after treatment, which would 
result in recontamination of the water (Collivignarelli et al. 2018). The main prob-
lem with disinfection, with the exception of ultraviolet radiation, is that the pro-
cesses can lead to the formation of organic and inorganic disinfection by-products 
such as trihalomethanes, chlorite and chlorate, aldehydes, etc. (von Sonntag and von 
Gunten 2012). Advanced technologies include the combination of ozone and hydro-
gen peroxide, ozone and ultraviolet radiation, hydrogen peroxide and ultraviolet 
radiation, ultraviolet radiation with titanium dioxide, alone or combined with other 
processes, such as land filtration, membrane technologies, nanotechnology, photo-
voltaic method, solar photocatalytic, sonodisinfection etc.

Disinfection processes using disinfectants, alone or in combination with addi-
tional physical/chemical agents, have also been proposed to eliminate emerging 
substances (Ikehata et al. 2006, 2008; Snyder et al. 2006; Gagnon et al. 2008; Kim 
and Tanaka 2009; Hey et al. 2012a, b; Noutsopoulos et al. 2013a; Yang et al. 2013). 
In municipal wastewater treatment, disinfection is usually the last step (tertiary or 
final treatment) before the treated wastewater is released to the aquatic environment. 
However, the treatment can also take place after primary and secondary wastewater 
treatment. Certain types of pollutants such as diclofenac (anti-inflammatory), bold-
enone (anabolic steroid), sulfamethoxazole (bacteriostatic antibiotic), and clofibric 
acid (lipid-regulating agent), can be effectively degraded at reasonably low doses 
for drinking water and wastewater treatment. Kim and Tanaka (2009) reported that 
photodegradation rates of up to 100% were obtained when diclofenac was treated 
using ultraviolet disinfection, but with ultraviolet dose which is 6 times higher than 
what typically used to disinfect drinking water. However, in general, direct ultravio-
let irradiation at disinfection doses was no effective in removing trace pollutants 
such as hormones (Rosenfeldt and Linden 2004), bisphenol A (Chen et al. 2006), or 
ketoprofen (Real et al. 2009).

A review of the abundant literature published over the past 20 years shows that 
the three main technologies studied for both disinfecting water from pathogens and 
removing substances are chlorination, ozonation and ultraviolet irradiation. These 
are the technologies used at industrial scale, either alone or in combination with 
other chemicals. For example, oxidative removal of trace organic contaminants in 
water (surface water, wastewater) can be achieved using ozone combined with 



hydrogen peroxide or ultraviolet combined with hydrogen peroxide (Kruithof et al. 
2007; Gagnon et al. 2008; von Sonntag and von Gunten 2012; Yang et al. 2013).

Chlorination The main chlorination compounds used in the wastewater industry 
are chlorine (Cl2), sodium hypochlorite (NaOCl) and calcium hypochlorite 
(Ca(OCl)2). Of these, chlorine gas is generally used in large wastewater treatment 
plants, although a switch to sodium hypochlorite has been noted in many cases over 
the last decade due to safety concerns, while calcium hypochlorite is allowed in 
smaller plants. When chlorine gas is dissolved in water, it hydrolyzes according to 
Eq. (1.1). The hypochlorous acid produced during this reaction is a weak acid which 
dissociates easily in the aqueous solution according to Eq. (1.2). The sum of hypo-
chlorous acid and the hypochlorite ion forms free chlorine. The relative distribution 
between the two chlorine species depend on both the temperature and pH of the 
wastewater (Fig. 1.8) and is very important because the acid form is a much more 
effective oxidant that the ionic form.

Cl H O HOCl H Cl2 2+ + ++ −
 (1.1)

HOCl OCl H

− ++ (1.2)

The effect of chlorination on the removal of emerging contaminants has been 
widely documented (Hu et al. 2002; Petrovic et al. 2003; Westerhoff et al. 2005; 
Zhang and Grimm 2005; Greyshock and Vikesland 2006; Thurman 2006; Korshin 
2006; Stackelberg et al. 2007; Simazaki et al. 2008; Benotti et al. 2009a, b; Acero 
et al. 2010; Quintana et al. 2010; Chen et al. 2013; Ga et al. 2014; de Jesus Gaffney 
et al. 2016). The degree of removal varies for different types of emerging contami-
nants. Nevertheless, all these studies on chlorination experiments are focused on 
pure water or drinking water rather than in the wastewater matrix. On the other 

Fig. 1.8 Relative distribution among the dominant chlorine species versus pH at 25 °C for a chlo-
rine concentration of 10 mg/L. (Source: Constantinos Noutsopoulos, Athens, Greece)



hand, studies on the ability of chlorination to remove emerging contaminants from 
wastewater are rather rare (Renew and Huang 2004; Belgiorno et al. 2007; Nakamura 
et al. 2007; Ying et al. 2009; Li and Zhang 2011; Noutsopoulos et al. 2013a, b, c, 
2015; Nika et al. 2016).

Based on the extensive data in the literature, chlorination appears to be effective 
in the removal of several non-steroidal anti-inflammatory drugs, antibiotics, estro-
gens and antidepressants (diclofenac, naproxen, sulfamethoxazole, amitriptyline 
hydrochloride, methyl salicylate), endocrine disrupters (nonylphenol, bisphenol, 
triclosan and 17-β-estradiol), benzotriazoles and benzothiazoles, while other chemi-
cals in these categories have significantly lower degradability, e.g. ibuprofen, keto-
profen, 17-β-estradiol and tolytriazole. The performance of the chlorination process
in removing emerging contaminants is related both to the characteristics of the 
matrix (organic matter content of the wastewater, presence of total suspended sol-
ids, pH, etc.) and to the physicochemical characteristics of the chemicals. As sug-
gested by Noutsopoulos et al. (2015), the performance of the chlorination process 
for the removal of targeted endocrine disruptors and non-steroidal anti- inflammatory 
drugs was not affected by the pH for typical wastewater pH values around 7–8. On 
the other hand, some studies reported a significant effect of pH on the removal of 
new contaminants (Acero et  al. 2010; Gallard et  al. 2004; Pinkston and Sedlak 
2004; Deborde and von Gunten 2008) for pH values significantly different from 
those prevailing in wastewater treated by secondary and tertiary treatment. In gen-
eral, pH can effectively affect process performance at low values (lower than those 
prevailing in treated wastewater) that favor the prevalence of the strongest oxidizing 
species (i.e. hypochlorous acid). In addition, it is expected that not only the avail-
able free chlorine species (HOCl and OCl−), but also the chemical characteristics 
(pKa, chemical structure) of the compounds under different pH conditions may also 
affect chlorination performance. With respect to other wastewater characteristics, 
Noutsopoulos et al. (2015) reported that the effect of total suspended solids content 
of wastewater (and thus organic matter content) on the degradation of emerging 
contaminants during chlorination is more profound for chemicals with high Kow 
values (e.g. nonylphenol and its ethoxylates, triclosan), and thus a high affinity to be 
distributed to the particulate phase. In the same study, the effect of humic acids on 
the removal of emerging contaminants and non-steroidal anti- inflammatory drugs 
by wastewater chlorination was rather minimal.

In most studies, degradation of emerging contaminants appears to follow pseudo 
first-order kinetics and values of rate constant (k) and half-lives (t1/2) have been 
determined for many chemicals (Deborde and von Gunten 2008; Quintana et  al. 
2012). According to Deborde and von Gunten (2008), the reactivity of hypochlo-
rous acid with organic micropollutants refers to (i) oxidation reactions, (ii) addition 
reactions to unsaturated bonds, and (iii) electrophilic substitution reactions at 
nucleophilic sites. Thus, as explained by the authors, the effect of chlorine on ali-
phatic organic compounds (with the exception of compounds with sulfur or 
nitrogen- containing fractions) is generally small, whereas for the most popular 
emerging contaminants (nonylphenol, bisphenol A and triclosan) and the steroid 
hormones estrogen, the reactivity of chlorine occurs mainly on the phenolic ring. A 



significant number of studies on endocrine disruptors and chlorination by-products 
of pharmaceuticals provide an analytical discussion of the relevant mechanisms (Hu 
et al. 2002; Hu et al. 2003; Petrovic et al. 2003; Gallard et al. 2004; Bedner and 
MacCrehan 2006; Korshin et al. 2006; Thurman 2006; Lei and Snyder 2007; Sharma 
2008; Quintana et al. 2012; Bulloch et al. 2012; Soufan et al. 2012; Noutsopoulos 
et  al. 2015). In many cases, toxicity measurements show that some of the by- 
products of chlorination are more toxic than the original compounds.

Chlorine Dioxide This chemical agent has a stronger disinfectant activity than 
chlorine. Considering its higher cost compared to conventional chlorination, disin-
fection with chlorine dioxide is generally adopted in cases where minimizing the 
production of chlorine-based disinfection by-products is desirable. Because of its 
instability, chlorine dioxide (ClO2) is produced on-site by mixing a chlorine solu-
tion with a sodium chlorite solution. The literature on the effectiveness of chlorine 
dioxide in removing emerging contaminants during wastewater disinfection is 
rather limited. In their comprehensive review, Hey et  al. (2012a) investigate the 
effect of ClO2 on the removal of a wide range of 56 pharmaceuticals. According to 
this study, it was shown that, in addition to the effectiveness of chlorine dioxide in 
removing many emerging contaminants, approximately one-third of the target com-
pounds studied were virtually unaffected by the oxidant, even at doses as high as 
20 mg/L. In their follow-up study, Hey et al. (2012b) reported the effective elimina-
tion of three non-steroidal anti-inflammatory drugs (naproxen, diclofenac, mefe-
namic acid) and a lipid-regulating agent (gemfibrozil), while no elimination was 
reported for ibuprofen and clofibric acid. The inability of ClO2 to remove ibuprofen 
and carbamazepine has also been reported previously by Lee and van Gunten 
(2010), while satisfactory removal has been reported for sulfamethoxazole and 
17α-ethinyl estradiol. In addition, Huber et al. (2005a, b) showed an effective elimi-
nation of estrogenic hormones at very low doses of ClO2 and a short contact time 
(5 min). The ability of chlorine dioxide to remove emerging contaminants has also 
been demonstrated for a range of antibiotics (Navalon et al. 2008; Wang et al. 2011). 
The variable efficacy of chlorine dioxide on the removal of pharmaceuticals was 
also recorded in the study by Sharma (2008). According to his conclusions, chlorine 
dioxide is an effective oxidant.

UV Radiation This process is a well-known disinfection step used to effectively 
remove bacteria, viruses and protozoa without producing toxic by-products. The 
main types of lamps are low-intensity low-pressure lamps, high-intensity low- 
pressure lamps and high-intensity medium-pressure lamps, the former being the 
most commonly used for disinfection purposes (Asano et al. 2007). The main ger-
micidal mechanism of ultraviolet irradiation is associated with direct DNA damage, 
while the removal of organic pollutants is based on their direct photolysis during 
absorption of UV-C protons (at the wavelength of 254 nm). The effectiveness of 
ultraviolet irradiation on the removal of pathogens and organic micropollutants is 
highly dependent on the applied dose (in mJ/cm2 or mWs/cm2), calculated as the 
product of average ultraviolet intensity and contact time. The effectiveness of ultra-



violet irradiation for the removal of emerging contaminants has been well docu-
mented, primarily for pharmaceuticals and endocrine disruptors (Andreozzi et al. 
2003; Doll and Frimmel 2003; Lopez et  al. 2003; Rosenfeldt and Linden 2004; 
Vogna et al. 2004; Chen et al. 2006; Neamtu and Frimmel 2006; Pereira et al. 2007a, 
b; Canonica et al. 2008; Benotti et al. 2009a, b; Kim et al. 2009a; Kim and Tanaka 
2009; Yuan et  al. 2009; Rosario-Ortiz et  al. 2010; Zhang et  al. 2010; Baeza and 
Knappe 2011; Salgado et al. 2011, 2012, 2013; Hansen and Andersen 2012; Pablos 
et al. 2013; Bennett et al. 2018; Mole et al. 2019). Kim et al. (2009a, b) reported that 
of the 42 pharmaceuticals studied under real wastewater conditions, only a few 
showed high removal (ketoprofen, diclofenac and antipyrine), while several others 
(particularly antibiotics, e.g. clarithromycin, erythromycin and azithromycin) 
showed very low degradation due to ultraviolet irradiation, even at doses above 
2700 mJ/cm2. Consequently, Noutsopoulos et al. (2013c) concluded that with the 
application of the low-pressure ultraviolet doses generally adopted for pathogen 
removal (10–80  mJ/cm2), no significant removal should be expected for many 
emerging contaminants. Based on this study, the endocrine disruptors bisphenol A 
and nonylphenol and the non-steroidal anti-inflammatory drugs ibuprofen and 
naproxen showed a low degradability even at doses as high as 1000 mJ/cm2, con-
firming the results of previous studies (Rosenfeldt and Linden 2004; Vogna et al. 
2004; Chen et al. 2006, Pereira et al. 2007a, b; Canonica et al. 2008; Yuan et al. 
2009; Rosario-Ortiz et  al. 2010; Baeza and Knappe 2011; Salgado et  al. 2011; 
Pablos et al. 2012). The moderate effect of ultraviolet has also been confirmed by 
Bennett et al. (2018) for estrogens. The authors suggested that the complete degra-
dation of estrogens could only be achieved at ultraviolet doses (500–100 mJ/cm2) 
much higher than those used for pathogen removal. As concluded by many research-
ers (Kim et  al. 2009a; Yuan et  al. 2009; Pablos et  al. 2013; Noutsopoulos et  al. 
2013a), the structure of each chemical as well as its physical characteristics (i.e. 
decadal molar absorption coefficient at 254 nm wavelength) largely govern its sen-
sitivity to degradation. Studies of ultraviolet radiation transformation by-products 
on emerging contaminants are rather limited (Salgado et  al. 2013; Bennett et  al. 
2018) and the hypothesis that photodegradation intermediates may be more recalci-
trant or toxic than parent compounds has therefore yet to be fully demonstrated. 
Several modifications have been suggested in order to improve the efficiency of 
ultraviolet irradiation such as the use of medium-pressure lamps (Kim et al. 2009a; 
Pereira et al. 2017) or the ultraviolet based advanced oxidation processes such as 
UV/H2O2, UV/Cl2 and VUV/O3 (Kruithof et al. 2007; Yuan et al. 2009; Xiang et al. 
2016; Lian et al. 2017). For example, full-scale application of ultraviolet combined 
with hydrogen peroxide in an existing water treatment plant in North Holland for a 
running time of more than 2 years has proven that this practice was effective and 
reliable to control organic micropollutants (Kruithof et al. 2007). The UV/H2O2 pro-
cess was installed between the sand filtration and granular activated carbon filtration 
processes. Substances such as mecoprop and diclofenac were removed by 98%, 
while the removal of the other compounds (pesticides) varied from 60% to 91%. 
Carbon filters could effectively remove residual hydrogen peroxide and at least con-
ceptually, also any by-products formed in the oxidation process, as well as assimi-



lable organic carbon that can feed microbes in biofilm formed within the water 
distribution lines.

Ozonation Ozone is a very active oxidant and therefore a very effective germicide. 
It has been widely demonstrated that ozone has a remarkable ability to eliminate not 
only bacteria and viruses, but also pathogenic protozoa, compared to chlorine and 
chlorine dioxide. Ozone is produced on site and an ozonation unit consists of the air 
compressor, including cooling, drying and filtration accessories, the ozone genera-
tor, the contact tank for ozonation and the waste gas destruction device. Due to the 
high cost of the method and the high doses required in the wastewater, compared to 
natural water treatment, ozonation was not considered before an attractive method 
for wastewater disinfection and its use was limited to water disinfection. However, 
after having corroborated its ability to remove emerging contaminants as well as its 
well-known disinfection performance, ozonation has received much attention over 
the last decade, especially in cases where specific provisions for the removal of 
emerging contaminants through wastewater treatment have been regulated (e.g. the 
Swiss Water Protection Act).

Ozone reacts either through its molecular form (O3) or through the activity of 
hydroxyl radicals that are formed during its decomposition reactions in water. The 
ozone molecule reacts effectively with many compounds, especially those contain-
ing aromatic rings, unsaturations or heteroatoms, while hydroxyl radicals are pow-
erful non-selective oxidants. Ozone tends to react preferentially with the hydrophobic 
fractions of organic compounds such as hydrophobic acid and neutral species. The 
effectiveness of ozonation is affected by several parameters such as temperature, 
pH, presence of organic compounds (e.g. chemical oxygen demand), natural organic 
matter, total suspended solids, nitrates, nitrites, etc. For example, it has been pro-
posed that nitrites act as a radical scavenger, inhibiting the effectiveness of ozona-
tion (Lee and von Gunten 2010). Several studies have been reported on the 
effectiveness of ozonation in removing emerging contaminants, although the major-
ity of these studies use pure water rather than a wastewater matrix (Gehr et al. 2003; 
Xu et al. 2002; Huber et al. 2003, 2004, 2005a, b; Ternes et al. 2003; Kim et al. 
2004; Larsen et al. 2004; Deborde et al. 2005; Irmak et al. 2005; Westerhoff et al. 
2005; Buffle et al. 2006; Ikehata et al. 2006; Snyder et al. 2006; Wert et al. 2007; 
Benner et al. 2008; Dantas et al. 2008; Gagnon et al. 2008; Maniero et al. 2008; 
Coelho et al. 2009; Dodd et al. 2009; Lin et al. 2009; Leitner and Roshani 2010; 
Rosal et  al. 2010a, b; Schaar et  al. 2010; Stalter et  al. 2011; Tay et  al. 2010; 
Thompson et al. 2011; Zimmermann et al. 2011; Altmann et al. 2012, 2014; Lee and 
von Gunten 2012, 2016; Mawhinney et al. 2012; Reungoat et al. 2012; Kovalova 
et al. 2013; Lee et al. 2013, 2014; Snyder et al. 2006; Margot et al. 2013; Ahmed 
et al. 2017; Sun et al. 2017; Bourgin et al. 2018; Lacson et al. 2018; Paucar et al. 
2018; Thanekar et al. 2018; Wang et al. 2018a).

Gagnon et  al. (2008) studied the degradation of anti-inflammatory and anti- 
convulsant drugs in treated wastewater from a primary wastewater treatment plant 
in Montreal using ozonation. The analytical monitoring of treated wastewater before 



disinfection revealed concentrations ranging from 42 to 2556 ng/L for several phar-
maceutical residues such as salicylic acid, clofibric acid, ibuprofen, naproxen, tri-
closan, carbamazepine, diclofenac, and 2-hydroxy-ibuprofen. After treatment, most 
of these substances were eliminated at a rate greater than 50% at an ozone dose of 
10 mg/L. Higher elimination rates (up to 70%) were observed when 20 mg/L of 
ozone was used. The pilot projects carried out by the authors demonstrated that 
disinfection processes were a potential complementary method to degrade pharma-
ceutical residues still present after biological treatment.

Snyder et al. (2006) also reported that in drinking water and wastewater experi-
ments, the majority of estrogenic and androgenic steroids, pharmaceuticals, pesti-
cides and industrial chemicals were eliminated by more than 90% in exposures to 
ozone commonly used for disinfection. Ozone has proven to be very effective in 
removing the majority of emerging trace substances from water. Pilot-scale experi-
ments also demonstrated that for compounds that are highly resistant to ozone oxi-
dation, such as atrazine, iopromide, meprobamate and tris-chloroethylphosphate, 
the removal performance was less than 50%. The addition of hydrogen peroxide for 
advanced oxidation was not very beneficial for contaminant removal compared to 
ozone alone. In addition, ozone and ozone combined with hydrogen peroxide have 
been shown to eliminate estrogenicity in vitro.

According to extensive data in the literature, ozone has a high reactivity with 
pesticides, estrogens, endocrine disruptors, beta-blockers and many non-steroidal 
anti-inflammatory drugs and parabens, while a lower elimination capacity has been 
recorded for some antidepressants, antiepileptics, benzotriazoles, perfluorooctane-
sulfonic acids and perfluorooctanonic acids. Several researchers have postulated 
that decomposition of emerging contaminants is lower when using real water matri-
ces and especially wastewater (Ternes et al. 2003; Lee and von Gunten 2010), rather 
than pure water, due to the presence of several parameters that could interfere with 
process performance. Recently, Kim et al. (2020) proposed new empirical models 
to predict ozonation kinetics and micropollutant reduction during ozonation. A dis-
advantage of the method is associated with the low mineralization obtained in some 
cases, which can lead to the production of reaction by-products that may exhibit 
stronger refractory behavior and possibly toxicity. Stalter et al. (2010a, b) provided 
some ecotoxicological evidence of increased toxicity following ozonation. 
Conversely, Nasuhoglu et al. (2018) showed a decrease in estrogenic and andro-
genic activity of 98% and 68%, respectively, while anti-estrogenic activity remained 
unchanged. Several changes have been proposed to improve the efficiency of ozona-
tion, such as the adoption of advanced ozone-based oxidation processes such as 
catalytic ozonation, O3/H2O2, O3/UV, O3/TiO2, ultrasonication aided ozonation, etc. 
(Comes et al. 2017).

In view of the above, it is anticipated that through wastewater disinfection an 
appreciable removal of emerging contaminants can be achieved, therefore adding 
on their total abatement in wastewater treatment plants (when the removal through 
primary and secondary treatment is taken into consideration as well). Among differ-
ent disinfection methods, chlorination and ozonation seem to provide better results, 
with regard to emerging contaminants removal, while ultraviolet as stand-alone 



disinfection method (without being upgraded to ultraviolet assisted advanced oxida-
tion process) exhibit rather moderate performance. In order to guarantee satisfac-
tory removal capacities, for as much as possible chemicals, high doses should be 
applied for all disinfection methods which exceed the ones that are typically used 
for the removal of pathogens. Further research is needed in order to conclude about 
the possible toxic characteristics of alternative disinfection methods by-products 
compared to those of their parent compounds. Conclusively, when disposal of 
treated wastewater in low dilution water streams (e.g. streams, rivers, lakes, shallow 
marine waters) is practiced or wastewater reuse is desirable (e.g. for agricultural 
use), the use of wastewater disinfection is mandatory to ensure a microbiologically 
acceptable water content. Optimizing disinfection methods to provide the removal 
of pathogens and the reduction of the emerging contaminant load that is released to 
the aquatic environment appears to be technologically feasible.

1.7.2  Emerging Contaminants in Industrial Wastewaters: 
Electrochemical, Photochemical and Ultrasonic 
Technologies for Their Removal

For the scientific community, it is of great interest not only to study the presence of 
emerging substances in aqueous compartments (e.g. in terms of identification, 
quantification, behavior), but also to propose simple, adequate and effective meth-
odologies for their elimination. Indeed, there is an urgent need for effective tertiary 
treatments capable of eliminating pharmaceuticals in biologically treated wastewa-
ter. This research theme is of particular interest to many research groups, as 
detailed below.

Advanced oxidation processes represent one of the most promising strategies for 
the removal of emerging contaminants present in wastewater treatment effluents. 
Although advanced oxidation processes use different reagent systems, all tech-
niques are based on the generation of reactive oxygen species such as the hydroxyl 
radical, which is a non-selective and very powerful oxidizing agent, used not only 
to degrade organic and inorganic substances but also to inactivate biological agents 
such as pathogenic microorganisms. Several types of advanced oxidation processes 
are presented in Fig. 1.9. The technology can improve biodegradability, enhance 
color removal, degrade and mineralize recalcitrant molecules, and reduce toxicity. 
Advanced oxidation processes are potential techniques for industrial wastewater 
treatment (e.g. removal of pollutants from pulp and paper and textile industry), and 
for drinking water production (to remove pathogens and organic compounds in 
combination with an adsorption step). Conventional municipal wastewater treat-
ment plants have serious shortcomings that can also be addressed by advanced oxi-
dation processes. However, these systems are not yet widely used in industry, mainly 
because of their high cost to treat large volume of effluents. The principles, perfor-
mances, advantages, drawbacks and applications of advanced oxidation processes 



are detailed in numerous reviews (Ikehata et al. 2008; Yang et al. 2013; Oturan and 
Aaron 2014; Fernández-Castro et  al. 2015; Ribeiro et  al. 2015; de Araújo et  al. 
2016; Mishra et al. 2017; Moreira et al. 2017; Miklos et al. 2018; Syam Babu et al. 
2019; Wang and Zhuan 2020).

Among the many advanced oxidation processes studied for the elimination of 
non-biodegradable compounds (the so-called refractory compounds), electrochemi-
cal, photochemical, photocatalytic and ultrasonic technologies are subject to par-
ticular attention. These technologies use single or combined methods (e.g. 
electro-Fenton, photo-electro-Fenton, sono-electrolysis etc.) in homogeneous (e.g. 
photo-Fenton: Fe2+/H2O2/UV) or heterogeneous systems (heterogeneous photo- 
catalysis: TiO2/H2O2/UV; anodic oxidation or photo-electrocatalysis). Different 
energy sources and catalysts are employed. The heterogeneous catalysis is often 
preferred to the homogeneous processes, due to the easier recovery of the catalyst. 
According to the energy source, there are three sub-types of processes, those using: 
(i) UV radiation (O3/UV, H2O2/UV, O3/H2O2/UV, or photo-Fenton Fe2+/H2O2/UV);
(ii) ultrasound energy (O3/ultrasound, H2O2/ultrasound) and (iii) electrical energy
(electrochemical oxidation, anodic oxidation and electro-Fenton).

The general aspects of Fenton and photo-Fenton processes, electrochemical oxi-
dation processes and sonochemistry were recently published by Ameta et al. (2018), 
by Radha and Sirisha (2018) and by Torres-Palma and Serna-Galvis (2018), respec-
tively. Briefly, the Fenton process, based on the Fenton reagent, uses H2O2 and an 
iron soluble salt, generating hydroxyl radicals at atmospheric pressure and room 
temperature. High efficiency, relatively cheap reagents, no need of energy to acti-
vate H2O2 and the consequent easy implementation and operation are the advan-
tages of such treatment. Some disadvantages are the generation of a secondary 
waste (sludge) and the narrow range of optimal pH (2.5–3.0). The photo-assisted 
Fenton process can be more efficient than Fenton alone, mainly due to the faster 
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regeneration of Fe2+. Other related options are electro-Fenton, where Fe2+ is pro-
duced from sacrificial cast iron anodes, or even photo-electro-Fenton. Heterogeneous 
photocatalysis is another process that has been extensively investigated for water/
wastewater treatment and is based on the use of wide band-gap semiconductors 
which generate electrons and holes (and subsequent chain reactions including 
hydroxyl radicals) when irradiated with photons of energy higher than the semicon-
ductor band-gap. The most widely used photocatalyst is TiO2, due to its outstanding 
activity, photochemical stability, good band gap energy, low cost and relatively low 
toxicity. Nevertheless, a drawback of the photo-assisted processes is the limited 
thickness of the water layer that is effectively penetrated by the UV radiation. 
Therefore, to increase the treatment efficiency shallow bed reactors should be used. 
These methods (Fenton process, photo-Fenton process, photocatalysis, ozonation- 
based processes) have been commonly studied, while others such as electrochemi-
cal technologies and sonolysis are less applied but deserve special attention in the 
literature.

Advanced oxidation processes methods constitute a potential additional (second-
ary or tertiary) treatment for the elimination of pharmaceuticals, for example in 
wastewaters from the cities of Bogotá and Medellín (Colombia), due to their high 
elimination percentages. A chemical wastewater treatment using advanced oxida-
tion processes may ideally produce the complete mineralization of organic pollut-
ant, generating H2O, CO2 and other inorganic substances, or at least their 
transformation into more innocuous by-products. For example, the partial degrada-
tion of non-biodegradable organic substances can lead to biodegradable intermedi-
ates. For this reason, advanced oxidation processes can be used as pre-treatments 
before biological processes in a wastewater treatment plant. The electrochemical 
advanced oxidation processes have also been proposed for the degradation of pesti-
cides and dyes, for the degradation of organic pollutants from wastewater and for 
water disinfection. Advantages often cited are: ease operation, high efficiency with 
possibility to mineralize compounds, no sludge production, possible coupling with 
other process, low temperature required for its operation, and possibility to use solar 
panel to decrease the energy consumption. Electrochemical technologies emerge 
also as a good alternative to carry out the on-site generation of disinfectant agents 
from the species naturally contained in wastewater. These technologies can be 
applied as a pre-treatment to transform recalcitrant compounds in biological waste-
waters or in post-treatment before their discharge. However, until now most studies 
are conducted at laboratory scale and under controlled conditions. Further research 
and operational and investment costs assessment are necessary for scale-up new 
electrochemical technologies.

Promising results using electrochemical, photochemical/photocatalytic and 
sonochemical processes have been published by Torres-Palma and collaborators 
(Giraldo et al. 2015; Serna-Galvis et al. 2016, 2019; Jojoa-Sierra et al. 2017; Valero 
et  al. 2017; Villegas-Guzman et  al. 2017; Torres-Palma and Serna-Galvis 2018). 
The authors studied the degradation of the antibiotic oxacillin in water by anodic 
oxidation with Ti/IrO2 anodes using an undivided stirred tank reactor (Giraldo et al. 
2015). By using the best electrolyte and current density, complete oxacillin removal 



and total loss of antimicrobial activity was achieved after only 4 min of treatment 
and with low energy consumption. The degradation route and kinetics were indeed 
strongly affected by the supporting electrolyte (NaHCO3, Na2SO4, NaCl or NaNO3). 
Direct pathway was the most important route when NaHCO3 and Na2SO4 were used 
as supporting electrolytes. In presence of NaNO3, basic hydrolysis also contributed 
to the elimination of the pollutant. In the case of NaCl, the best supporting electro-
lyte, degradation via chlorinated oxidative species (mainly HOCl) was the most 
important route. The efficiency in the oxacillin degradation was not significantly 
affected by the initial pH (in the pH range of 3–9). Unfortunately, no mineralization 
was observed even after long exposure times (8 h). However, a decrease of 70% of 
the initial chemical oxygen demand was obtained and the level of biodegradability 
increased from 0.03 to 0.84, indicating that the system was able to transform the 
pollutant into highly oxidized and more biodegradable products with less antimicro-
bial activity. Additionally, different substances and radical scavengers present in 
wastewaters and natural water (glucose, isopropanol, and inorganic species) did not 
significantly affect the efficiency of the process. Finally, the more relevant initial 
aromatic by-products were identified and a degradation pathway of the electro-
chemical oxidation of the oxacillin antibiotic was proposed. Giraldo et al. (2015) 
concluded that electrochemical oxidation had a high potential to eliminate 
antibiotics.

In another work, Serna-Galvis and co-workers demonstrated that high frequency 
ultrasound in the presence of additives was a selective and efficient advanced oxida-
tion process to remove penicillinic antibiotics and to eliminate its antimicrobial 
activity from water (Serna-Galvis et al. 2016). The ultrasound is a sound wave with 
frequencies above 18 kHz and therefore cannot be heard by human ear. There are 
ultrasounds of high frequency, mainly used for medical applications, and ultra-
sounds of low frequency or power ultrasound, responsible for the phenomenon of 
cavitation. The sonochemical degradation of oxacillin was studied in simulated 
pharmaceutical wastewater. Oxacillin was transformed into by-products without 
antimicrobial activity and sonotreated water was completely mineralized using a 
subsequent biological process. Experiments showed that the antimicrobial activity 
was eliminated after 120 min of treatment and additives such as mannitol, calcium 
carbonate or their combination did not affect the sonochemical abatement of antimi-
crobial activity in terms of efficiency. A sonodegradation mechanism of oxacillin 
was proposed based on the evolution of four main by-products identified and their 
chemical structure. The identified by-products showed that the attack of the hydroxyl 
radical modified the penicillinic nucleus, which is the moiety responsible for the 
activity of the antibiotic. Although the ultrasound action also degraded part of by- 
products, the process was unable to achieve mineralization of the initial pollutant, 
even after a long period of ultrasonic irradiation (360 min). Nevertheless, the min-
eralization of the organic pollutants was completed through a subsequent biological 
treatment with a non-adapted microorganism from a municipal wastewater treat-
ment plant. These results showed that the sonochemical treatment transformed the 
initial pollutant into substances that are biotreatable with a typical aerobic biologi-
cal system. The authors concluded that the combination of a biological system with 



a sonochemical process was a promising alternative for the remediation of water 
containing oxacillin and other pharmaceutical additives.

Torres-Palma’s group also studied the degradation of isoxazolyl penicillins by 
photo-Fenton, photocatalysis and ultrasound. The three processes achieved total 
removal of the antibiotic and antimicrobial activity, and increased the biodegrad-
ability level of the solutions (Villegas-Guzman et al. 2017). However, significant 
differences concerning the mineralization extent was observed depending on solu-
tion pH, chemical nature of additives (water matrix characteristics) and contaminant 
concentration. With TiO2 photocatalysis almost complete mineralization was 
reached, while ∼10% mineralization was obtained for photo-Fenton and practically
zero for ultrasound activated process. Photo-Fenton and ultrasound processes were 
improved in acidic media (pH = 3), while natural pH favored TiO2 photocatalysis 
system. Bicarbonate and oxalic acid also improved photo-Fenton and ultrasound 
processes, respectively. According to both the nature of the added organic com-
pound (e.g. glucose, 2-propanol and oxalic acid) and the pH of the process, inhibi-
tion, no effect or enhancement of the degradation rate was observed. The degradation 
in natural mineral water showed contrasting results according to the antibiotic con-
centration: ultrasound process was enhanced at low concentration of dicloxacillin 
followed by detrimental effects at high substrate concentrations. A contrary effect 
was observed during photo-Fenton, while TiO2 photocatalysis was inhibited in all of 
cases (Villegas-Guzman et al. 2017).

In another work, Torres-Palma’s group investigated the elimination of the antibi-
otic norfloxacin in municipal wastewater, urine and seawater by electrochemical 
oxidation on Ti/IrO2 anodes (Jojoa-Sierra et al. 2017). This treatment was able to 
eliminate antimicrobial activity and the pollutant in all matrices. However, the 
results showed that matrices such as seawater or municipal wastewater containing 
chloride or bicarbonate ions exhibited a better degradation rate, while nitrate ions or 
urea, found in urine, reduced the efficiency of the process. Concerning the pH, the 
efficiency of the process in the presence of chloride ions followed the order: 
9.0 > 7.5 > 6.5 > 3.0, showing a strong dependence on the antibiotic speciation. 
Anionic antibiotic form was more easily degraded than the zwitterionic and cationic 
forms. The antibiotic degradation occurred through both direct elimination at the 
electrode surface and mediated oxidation, via the electrogeneration of oxidative 
agents, such as active chlorine species and percarbonate ions, which came from 
chloride and bicarbonate oxidation, respectively. The mechanism of by-product for-
mation was also studied to understand the efficiency of the technology to eliminate 
norfloxacin and its associated antimicrobial activity in complex matrices. The iden-
tification of three primary norfloxacin by-products demonstrated that the initial 
attack of the active chlorine species, mainly HOCl, occurred at the secondary amine 
of the piperazine ring followed by chlorination of the benzene ring.

Torres-Palma’s group also demonstrated that electrochemical advanced oxida-
tion was a pertinent approach for Staphylococcus aureus disinfection in municipal 
wastewater treatment plants (Valero et al. 2017). Staphylococcus aureus is a faculta-
tive anaerobic, Gram-positive, coccoid bacterium, which has the capacity to colo-
nize almost every tissue of the human body, causing different diseases. Pathogenic 



organisms can be found in municipal effluents at relatively high concentration since 
the elimination of microbes is not an objective of conventional wastewater treat-
ment plants. Thus, antibiotic-resistant pathogens and their genes can be easily 
spread through wastewaters. The results published by Valero et al. (2017) showed 
that the photo-electro-Fenton process led to a bacterial reduction of −0.9 log units
and a dissolved organic carbon reduction of 14%, while −5.2 log units of bacteria
and 26% of dissolved organic carbon were removed by using the photo-electro- 
Fenton process. The increase in current intensity in the photoelectro-Fenton system 
augmented the production of H2O2, resulting in increased bacterial inactivation. 
However, mineralization extent slightly increased or remained practically the same. 
When comparing the influence of Fe2+ and Fe3+ on photo-electro-Fenton, similar 
Staphylococcus aureus inactivation was observed, while dissolved organic carbon 
removal was higher with Fe2+ (31%) than with Fe3+ (19%). This water disinfection 
technology is of interest because in the reclamation of municipal wastewater, a dis-
infection stage is always required to obtain a high quality effluent, as established by 
the Colombian legislation.

The degradation of seventeen contaminants of emerging concern in real effluents 
from the municipal wastewater treatment plant of Bogotá by sonochemical advanced 
oxidation processes, was studied by Serna-Galvis et al. (2019). The municipal water 
treatment plant operates at 4 m3/s, about 350,000 m3/day, with a removal efficiency 
of 40% biological oxygen demand and 60% of suspended solids. However, it is not 
efficient to completely remove emerging contaminants, as confirmed by a previous 
work of the same research group (Botero-Coy et al. 2018). Analytical monitoring of 
the effluents showed the presence of several pharmaceuticals with variable concen-
trations, in the range of 0.01–2 μg/L (Serna-Galvis et al. 2019). Among the sub-
stances, the antihypertensives (valsartan, losartan) were those at the highest 
concentrations followed by a cocaine metabolite (benzoylecgonine), an anti- 
inflammatory (diclofenac) and the antibiotics ciprofloxacin and norfloxacin. The 
obtained results confirmed that ultrasound water treatment is an efficient alternative 
method for the treatment of these emerging contaminants present in low concentra-
tions in the effluent of the municipal wastewater of Bogotá treatment plant. For 
example, after 30 min of treatment the concentration of sulfamethoxazole, an anti-
biotic used to treat a variety of bacterial infections, notably diminished from 0.37 to 
0.14 μg/L. The ultrasonic system complemented with iron (II), UVA light and oxalic 
acid presented a strong potential for the contaminant elimination in real and com-
plex effluents. The main disadvantage of the method is however the high consump-
tion of electrical energy.

Martínez-Pachón et al. (2019) studied the advanced oxidation of antihyperten-
sives losartan and valsartan by photo-electro-Fenton at near-neutral pH using natu-
ral organic acids and a dimensional stable anode-gas diffusion electrode system 
under light emission diode lighting. Valsartan and losartan are used in the treatment 
of hypertension diseases, and are considered among the emerging contaminants that 
are difficult to treat. In their experiments, organic acids as citric, tartaric and oxalic 
acids were used as complexing agents of iron ions in order to maintain the perfor-
mance of the Fenton reaction at near-neutral pH value. The authors showed that 



after 90 min of electro-Fenton treatment using the optimized conditions, a degrada-
tion of 70% of valsartan and 100% of losartan were achieved. The total degradation 
of the two antihypertensives was achieved with a photo-electro-Fenton for the same 
time period. The degradation performance was attributed to the increase of the ini-
tial dissolved iron in the system in the presence of the organic ligands, facilitating 
the Fe3+/Fe2+ turnover in the catalytic photo-Fenton reaction and consequently, 
hydroxyl radical production. The increased photo-activity of the complexes was 
also associated with their high capability to complex Fe3+ and to promote ligand-to- 
metal charge transfer, which was of key importance to feed Fe2+ to the Fenton pro-
cess. The results showed that the system evaluated was more efficient to eliminate 
sartan family compounds using light emission diode lighting in comparison with 
traditional UV-A lamps used in this type of works. Moreover, three transformation 
products of valsartan degradation and two transformation products of losartan deg-
radation were identified by high-resolution mass spectrometry using hybrid 
quadrupole- time-of-flight mass spectrometry. The several organic compounds still 
present at the end of the photo-electro-Fenton treatment were effectively treated in 
a subsequent aerobic biological system (Martínez-Pachón et al. 2019).

The review of the literature related to wastewater treatment issue revealed that 
the electrochemical, photochemical and ultrasonic based technologies have a tre-
mendous power to degrade emerging pollutants such as antibiotics, although some 
processes are not capable to completely mineralize the organic pollutants. The two 
main advantages of these advanced oxidation processes are: (i) the oxidizing spe-
cies are generated in situ (no need of chemicals storage and handling) and (ii) most 
of processes (except the Fenton type) do not require a rigorous control of solution 
pH. Other advantages are: operation control simplicity, reactor design compactness, 
adaptability of the technology to various organic loads of wastewater and effective-
ness in disinfection. For the electrochemical treatment, one of the main challenges 
to its successful implementation for industrial application is to reduce energy con-
sumption and cost (including the cost of electrodes). Another important challenge is 
to improve the understanding of the reaction mechanisms and in particular to iden-
tify potential toxic intermediates. It is also important to improve the long-term sta-
bility and electrolytic efficiency of the materials. In this respect, progress is expected 
from the application of nanotechnologies.

1.7.3  Carbon Nanomaterials in Catalytic Ozonation 
of Emerging Contaminants

An effective technology to destroy organic emerging contaminants is catalytic ozo-
nation. This treatment uses a catalyst to decompose ozone into a number of strong 
oxidant radicals such as .OH (Wang et al. 2016c). These radicals quickly oxidize 
organic compounds (Fig. 1.10).



The principal component of a catalytic ozonation process is the catalyst. These 
catalysts could primarily be categorized into two: homogenous or heterogeneous. 
Homogeneous catalysts are water soluble metal salts which are not recoverable after 
an ozonation process, thus their application involves chemical costs as well as fur-
ther pollution. On the contrary, heterogeneous catalysts are solid particles that can 
be recovered, regenerated and reused. Numerous works have reported different 
kinds of materials as catalysts in water treatment processes, namely metal oxides, 
activated carbon and carbon nanomaterials (Restivo et al. 2012, 2013, 2016; Rocha 
et al. 2015; Wang et al. 2016b, c). Many reports have shown superior performance 
of metal oxide-based catalysts. However, these catalysts can be subject to metal 
leaching into effluent water (Rocha et al. 2015). Consequently, increasingly more 
research effort has been made for the development of metal-free catalyst. Among 
metal-free catalysts, carbon materials such as activated carbon, multi-walled carbon 
nanotubes, graphene oxide and reduced-graphene oxide are the most studied ones. 
These materials have been studied both as sole catalysts and as support materials. 
This section focuses fundamentally on the studies that concern application of 
carbon- based nanomaterials (i.e. multi-walled carbon nanotubes, graphene oxide 
and reduced-graphene oxides) both as catalysts and catalyst support materials in 
catalytic ozonation processes.

Among carbon nanomaterials, multi-walled carbon nanotubes are the most 
widely studied catalyst for ozonation processes due to their strong catalytic activity 
and re-usability. Multi-walled carbon nanotubes were first reported as catalyst in 
ozonation process by Liu et al. (2009). These materials achieved 80% conversion of 
oxalic acid in 40 min as compared to around 2% conversion by non-catalytic ozona-
tion. The authors also studied the catalytic performance of oxidized multi-walled 
carbon nanotubes. For this purpose, nanotubes were oxidized by pre-ozonation 
treatment at various degrees. This pre-ozonation treatment implanted different 
acidic groups (such as -COOH, -OH, etc.) on catalyst surface leading to inferior 
performance of multi-walled carbon nanotubes. The catalytic activity decrease can 
be attributed to the negative charge generated by the acidic groups which causes a 
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Fig. 1.10 Radical pathway of catalytic ozonation process. (Source: Mohammad Mahmudul Huq, 
Saskatoon, Canada)



drop of pHpzc value nearly to the pH of oxalic acid aqueous solution. This leads to 
less adsorption of anion species of oxalic acid, eventually to less degradation of 
oxalic acid during catalytic ozonation.

In a similar study, Gonçalves et al. (2010) investigated the role of surface chem-
istry of multi-walled carbon nanotubes on catalytic ozonation of oxalic acid. This 
study gave a very similar picture as the previous one in which the surface acidic 
sites hinder multi-walled carbon nanotubes’ catalytic ability. The authors also com-
pared the performances of multi-walled carbon nanotubes with those of commercial 
activated carbon, concluding that multi-walled carbon nanotubes are more effective 
catalysts since they impose less internal mass transfer limitations on the reactants 
during the catalytic ozonation reaction. A catalytic reaction is mass transfer limited 
when the participating reactants experience mass transfer resistance inside micro- 
pores before reaching the active sites. Activated carbons possess a large quantity of 
micro-pores, which is likely to impose significant mass transfer resistance. On the 
other hand, multi-walled carbon nanotubes barely possess any micro-pores. The 
same research group compared the catalytic performance of commercial multi- 
walled carbon nanotubes with that of activated carbon in catalytic oxidative degra-
dation of sulfamethoxazole, an antibiotic (Gonçalves et  al. 2013). In terms of 
sulfamethoxazole degradation, catalytic ozonation with multi-walled carbon nano-
tubes was comparable to non-catalytic ozonation. Nevertheless, catalytic ozonation 
led to higher degree of mineralization expressed as total organic carbon removal. 
Surprisingly, activated carbon showed superior catalytic activity compared to multi- 
walled carbon nanotubes in terms of total organic carbon removal. This result was 
ascribed to the fact that sulfamethoxazole is more readily adsorbed in micro-pores 
and not to its oxidative degradation. The authors also studied the toxicity effects of 
sulfamethoxazole oxidation by-products by Microtox® bioassays. It was found that 
the lowest toxicity is achieved when the ozonation was carried on in the presence of 
multi-walled carbon nanotubes.

Restivo et al. (2012) studied the activity of multi-walled carbon nanotubes in the 
ozonation of metolachlor, an herbicide. The use of the carbon based material did not 
show much improvement of the single ozonation process in the removal of target 
pollutant. Both catalytic and non-catalytic oxidation products of metolachlor 
showed higher toxicity when compared to the toxicity of non-treated metolachlor, 
as shown by Microtox® bioassay test. However, the end-products were found less 
toxic with catalytic ozonation when compared to the non-catalytic ozonation. The 
degradation of atrazine (an herbicide) by multi-walled carbon nanotubes catalyzed 
ozonation was found to be somewhat slower (lower apparent reaction rate constant) 
than single ozonation (Fan et al. 2014). Nevertheless, in terms of total organic car-
bon and toxicity reduction, catalytic ozonation was found superior.

One of the main research directions in this field is to improve the catalytic activ-
ity of carbon nanotubes by modifying their surface chemistry and specific surface 
area by different methods (e.g. heteroatom-doping, oxidation, grinding, etc.). Qu 
et al. (2015) studied carboxylated carbon nanotubes in catalytic ozonation of indigo. 
The modified nanotubes showed higher indigo removal in terms of indigo concen-
tration, total organic carbon and toxicity removal. Yet, this study is inconclusive as 



it did not compare the results with those obtained with pristine carbon nanotubes. 
Soares et  al. (2015) improved multi-walled carbon nanotubes’ catalytic perfor-
mance by increasing their specific surface area by shortening their tube size. This 
size reduction was achieved by ball-milling. The ball-milled multi-walled carbon 
nanotubes showed fairly improved performance in catalytic ozonation of oxalic acid.

Rocha et al. (2015) showed that reduced graphene oxide works as a catalyst in 
ozonation of oxalic acid. Catalytic ozonation with reduced-graphene oxide turned 
out to be 50% more efficient in the pollutant removal than non-catalytic ozonation 
(for 120 min reaction time). Wang et al. (2016b) used reduced-graphene oxide as 
catalyst for ozonation of p-hydroxybenzoic acid when nearly full mineralization of 
p-hydroxybenzoic acid was achieved in 60  min. This study identified carbonyl
groups as the active sites and suggested that superoxide radicals (.O2

−) and singlet
oxygen (1O2) are the dominant species responsible for p-hydroxybenzoic acid deg-
radation. Graphene oxide, the parent material of reduced-graphene oxide, can also
be catalytically active in many reactions as its surface is rich in oxygen functional
groups. For instance, the ozonation of N,N-diethyl-m-toluamide, a widely used pes-
ticide, in the presence of graphene oxide was investigated by Liu et al. (2016). This
process showed increased removal of the target pollutant as compared to non- 
catalytic ozonation. But lack of mineralization data raises doubts on its
applicability.

Ahn et al. (2017) showed that over-oxidized graphene oxide produces signifi-
cantly higher amounts of .OH than graphene oxide or reduced-graphene oxide, 
which is likely to lead to higher removal of recalcitrant organics. Song et al. (2019b) 
studied both graphene oxide and reduced-graphene oxide as catalysts for catalytic 
ozonation of p-chlorobenzoic acid and benzotriazoles. They found graphene oxide 
more efficient in degrading p-chlorobenzoic acid while reduced-graphene oxide 
showed higher activity in the case of benzotriazole. However, the authors noted that 
graphene oxide suffers from gradual degradation during the catalytic ozonation pro-
cess. This deterioration of graphene oxide material is most likely caused by corro-
sive attack of ozone or .OH (Radich et al. 2014). In an extensive study, Wang et al. 
(2018c) synthesized reduced-graphene oxide starting from graphite from used lith-
ium ion battery. The obtained material showed higher removal of oxalic acid than 
commercially reduced-graphene oxide. A strong correlation between the amount of 
defective sites on reduced-graphene oxide and its catalytic activity was found. This 
correlation was again justified by density functional theory calculations.

Heteroatom doping of graphene oxide and of reduced-graphene oxide can sig-
nificantly improve their catalytic activity. N, B, P and S have been studied as dop-
ants for reduced-graphene oxides. Rocha et  al. (2015) doped reduced-graphene 
oxide with N from different nitrogen precursors such as melamine and urea. This 
doping process implanted three N containing functionalities into the reduced- 
graphene oxide namely, pyridinic, pyrrolic and quaternary-N. The improved perfor-
mance of the N-doped reduced-graphene oxide in mineralizing oxalic acid and 
phenol was attributed to these functional groups which are said to work as active 
centers. Moreover, these N-functional groups increase the pHPZC, making the mate-
rial more positively charged at the pH of oxalic acid solution (3.0). This enables 



increased adsorption of oxalate anions (which is the dissociated form of oxalic acid 
at pH of 3.0), favoring its catalytic surface reaction. This could also explain the lack 
of improvement in the phenol degradation, which is found in molecular form at the 
aqueous solution pH (pKa around 10).

Bao et al. (2016) also confirmed improved catalytic ozonation performance of 
N-doped reduced-graphene oxide. Yin et  al. (2017) showed catalytic ozonation
using N and P doped reduced-graphene oxides is far more efficient than non- 
catalytic ozonation in the degradation of sulphamethoxazole. Wang et al. (2019a, b)
used a novel microwave method to dope N into reduced-graphene oxide. This
method generates higher amounts of N-doping that eventually leads to higher
removal of 4-nitrophenol and oxalic acid. The improved performance of this micro-
wave method was attributed to the higher degree of graphene oxide reduction and
generation of more defects and carbon dangling bonds.

In a very detailed study, Song et al. (2019a) synthesized and tested N, P, B and 
S-doped reduced-graphene oxide or catalytic ozonation degradation of
p- chlorobenzoic acid and benzotriazole. They also studied bromate (BrO3

−) elimi-
nation capacities of these processes. Bromates are carcinogenic by-products of
many ozonation processes. Although P-doped reduced-graphene oxides showed the
fastest elimination of both p-chlorobenzoic acid and benzotriazole, the authors con-
cluded that in terms of normalized pseudo-first order reaction constant (kobs),
N-doped reduced-graphene oxide shows the fastest removal. The normalization was
done by dividing the kobs by atomic percentage of the corresponding heteroatoms in
each of the as prepared reduced-graphene oxide. On the other hand, S-doped
reduced-graphene oxide is found to be unstable as it increases the total organic car-
bon content of the aqueous solution during the catalytic ozonation process.

Wang et al. (2018b) doped multi-walled carbon nanotubes with F using HF as F 
precursor. The materials showed significantly increased catalytic activity in ozona-
tion of oxalic acid as compared to N-doped multi-walled carbon nanotubes. Highly 
electronegative active sites like N and O are inferred to decompose ozone by nucleo-
philic attack. Interestingly, this study showed that an excessive doping of electro-
negative atoms is counter productive. Nevertheless, given the difficulty in handling 
highly toxic HF, F doping may not be feasible at commercial level.

Usually, catalytically active metals and metal oxides are deposited on porous 
materials such as alumina, zeolite, activated carbon, silica and various metal oxides 
(Ghuge and Saroha 2018). Carbon nanomaterials such as multi-walled carbon nano-
tubes and graphene oxide/reduced-graphene oxides have also been used as support 
materials because of their excellent compatibility with metals and metal oxides, 
resistance to adverse environment, mechanical strength and excellent electron trans-
fer ability (Lin et  al. 2011; Khan et  al. 2015). Studies have also shown synergy 
between active catalyst materials and these carbon materials (Sampaio et al. 2015). 
This synergy has been exploited in a few catalytic ozonation studies as well.

The greatest number of works deals with the synthesis of supported manganese 
and iron oxides and their use in the oxidative degradation of emerging pollutants 
such as pesticides and pharmaceuticals (Sui et al. 2012; Li et al. 2015; Bai et al. 
2017; Wang et al. 2016a). Sui et al. (2012) synthesized a MnOx/multi-walled carbon 



nanotube composite for catalytic ozonation of ciprofloxacin, a persistent antibacte-
rial agent. MnOx/multi-walled carbon nanotube showed 87.5% ciprofloxacin 
removal in 15 min as opposed to 40.2% removal with unsupported MnOx and 26.7% 
removal with non-catalytic ozonation. Li et al. (2015) reported the synthesis of a sea 
urchin-like α-MnO2/reduced-graphene oxide composite for catalytic ozonation of
bisphenol A. The process showed significantly higher bisphenol A removal effi-
ciency compared to that with pristine α-MnO2, pristine reduced-graphene oxide and
non-catalytic ozonation. The authors concluded that reduced-graphene oxide is 
inactive in catalytic ozonation of bisphenol A. Wang et  al. (2016a) synthesized 
γ-MnO2/reduced-graphene oxide composite for catalytic ozonation of 4- nitrophenol, 
showing improved degradation and mineralization compared to non-catalytic ozo-
nation. Prepared γ-MnO2/reduced-graphene oxide showed improved performance
over commercial MnO2. Wang et  al. (2019a) prepared a CeO2/oxidized-carbon 
nanotube composite for catalytic ozonation of phenol. The composite catalyst 
achieved nearly 100% total organic carbon removal in 60  min with virtually no 
activity loss up to 5 cycles. Depositing reduced-graphene oxide on metal oxide can 
also be fruitful as shown by Ren et al. (2018). In this report, MnFe2O4 nano-fiber 
catalyst was improved by reduced-graphene oxide doping.

Overall, catalytic ozonation processes with carbon nanomaterial-based catalysts 
offer the following advantages: (i) higher degree of organic pollutant degradation as 
compared to activated carbon catalysts (ii) minimal metal leaching issue and (iii) 
compatibility under a wide range of conditions. However, the separation method of 
catalyst from treated water is an important issue to be addressed before technology 
scale-up for industrial application.

1.7.4  Non-thermal Plasma: A New Candidate Water Treatment 
for the Removal of Emerging Contaminants

Growing interest in finding effective solutions for the removal of emerging contami-
nants from water led to the investigation of unconventional water treatment meth-
ods. Among them, non-thermal plasma is a promising approach and is now 
considered the youngest member of the so-called advanced oxidation processes 
family. Recently, significant research efforts were devoted to enhancing the effi-
ciency of plasma treatment of water contaminated with harmful organic pollutants 
such as pharmaceuticals and pesticides (Magureanu et  al. 2018). The efforts are 
directed to elaborate technical and economical feasible solution, but also to bring 
new insight from the point of view of reaction mechanism and final characteristics 
and quality of the treated water.

Non-thermal plasma can be generated directly in the liquid or in the gas phase. 
Plasmas in contact with water are very complex systems, which produce a diversity 
of molecular, ionic and radical reactive species responsible for the degradation of 
organic pollutants. In these systems, the generation of reactive species is initiated by 
the collision of highly energetic electrons (formed by the electrical discharge) with 



the gas constituents and water molecules (in the gas phase, or at the gas-liquid inter-
face). The nature of active species and their availability in the liquid phases depend 
on the plasma reactor configuration (e.g. corona, dielectric barrier discharges, glid-
ing arc, plasma jet etc.), on the discharge characteristics, solution properties and gas 
composition (Park et al. 2013). A number of reactive oxygen species and reactive 
nitrogen species have been detected in gas and liquid phase of the cold plasma dis-
charge systems, such as: ∙OH, HO2∙, H2O2, O∙, ∙O2

−, O3, ∙NO, ∙NO2, NO2
−, NO3

−,
ONO2

− etc. (Lukes et al. 2012; Locke et al. 2012; Bruggeman et al. 2016).
Ozone, hydrogen peroxide and hydroxyl radical are the most investigated reac-

tive oxygen species in the plasmas in contact with water systems. Numerous studies 
deal with the identification and quantification of these three species by different 
spectrophotometric and chromatographic methods (Ono and Oda 2002; Park et al. 
2006; Xiong et al. 2015; Guo et al. 2019a; Kanazawa et al. 2013; Marotta et al. 
2011; Lukes et al. 2004; Bilea et al. 2019).

The hydroxyl radical is a key reactive oxygen species, considered to be the main 
actor in the oxidative degradation of organic pollutants. It is actually the species that 
makes the plasma process to be framed as an advanced oxidation process. Due to its 
short lifetime, ∙OH interacts with organic pollutants very near the gas-water inter-
face (Kanazawa et al. 2011; Marotta et al. 2011; Ajo et al. 2015). In the bulk liquid 
phase, hydrogen peroxide, a stable molecular reactive oxygen species, is formed 
mainly by recombination of hydroxyl radicals (Locke and Shih 2011). The accumu-
lation of H2O2 in water during the plasma treatment was highlighted by numerous 
works (Locke and Shih 2011; Magureanu et al. 2016; Bradu et al. 2017; Bilea et al. 
2019). The production and loss mechanisms of ∙OH in discharges formed over
water are discussed in detail in (Bruggeman and Schram 2010). The radical recom-
bination reaction leading to stable molecular species may limit the process effec-
tiveness (Locke et al. 2012). However, the hydrogen peroxide is a potential source 
of hydroxyl radicals, which could be used judiciously. For instance, H2O2 decompo-
sition with the regeneration of ∙OH radicals could be promoted by an adequate cata-
lyst. Indeed, numerous research groups report advantages of the combined 
plasma-catalytic oxidation process in the degradation of recalcitrant pollutants in 
water (Parvulescu et al. 2012 Jović et al. 2014; He et al. 2014; Hama Aziz et al. 
2018; Guo et al. 2019a). The proposed catalysts are soluble transitional metal salts 
(e.g. Fe2+, Fe3+, Mn2+ and Co2+ salts) (Dojčinović et al. 2011; Jović et al. 2014) or 
heterogeneous catalysts (e.g. TiO2, activated carbon and graphene based materials) 
(He et  al. 2015; Hama Aziz et  al. 2018, Vanraes et  al. 2015, 2017; Guo et  al. 
2019a, b, c).

Another long-lived species generated in non-thermal plasma in oxygen- 
containing gaseous atmosphere is ozone. Appreciable O3 concentrations were 
detected in the gas phase of electrical discharges in contact with water (Lukes et al. 
2005; Marotta et al. 2011; Magureanu et al. 2016). However, ozone diffusion across 
the gas-liquid interface is limited and its concentration in water is often under the 
detection limit of employed analytical methods (Marotta et al. 2011; Dobrin et al. 
2013; Magureanu et al. 2016). Nevertheless, the transfer of plasma generated O3 
from the gas to the liquid could be improved to facilitate its reaction with the target 



organic pollutants or their degradation by-products (both by direct: involving 
molecular ozone attack; and indirect path-way: involving ∙OH). In this respect,
plasma-ozonation systems were proposed (Magureanu et  al. 2016; Bradu et  al. 
2017). In this case, the water to be treated is continuously circulated between the 
two reactors: a plasma reactor (in which the electrical discharge is produced over 
water surface) and second reactor in which the effluent gas from the plasma reactor 
was bubbled into the aqueous solution (Fig.  1.11). With this combined plasma- 
ozonation system faster removal of the target compound (e.g. methylparaben and 
herbicide 2,4-D) and higher degree of mineralisation was obtained compared to the 
single plasma or ozonation processes. The improvement was attributed to the 

Fig. 1.11 Experimental set-up for plasma-ozonation system. (Monica Magureanu, Magurele, 
Romania)



enhanced transfer of O3 in the water and its further interaction with the H2O2 accu-
mulated in solution, leading to increased generation of ∙OH (peroxone reaction).

When non-thermal plasma is generated in air, beside reactive oxygen species, 
reactive nitrogen species can be formed in significant amounts. Nitric oxide (∙NO)
is an important secondary species, produced through the interaction of the parent 
(N2) and/or primary species (N∙, O∙, ∙OH) in gas phase. In further reactions, ∙NO
can effectively fix oxygen atoms through the interaction with O∙ or with O-donor
species produced in the discharge (e.g. O3 and HO2∙) to form nitrogen dioxide
(∙NO2) (Brisset and Pawlat 2016; Aritoshi et al. 2002). In humid air and in the aque-
ous phase, the formation of nitrous and nitric acids (HNO2 and HNO3) takes place. 
The presence of peroxynitrous acid (ONOOH) in water was also reported. It was 
suggested that this peroxy-acid is produced in the reaction between nitrous acid and 
hydrogen peroxide (reaction favoured in acidic pH), or via the reaction between 
dissolved nitric and nitrous oxides and different radical reactive oxygen species 
(∙OH, HO2∙ and ∙O2

−) (Goldstein et al. 2005; Moussa et al. 2007; Lukes et al. 2012;
Tian and Kushner 2014). The generation of peroxynitric acid (O2NOOH) through 
the reaction between peroxynitrous acid and hydrogen peroxide has also been pro-
posed (Boehm et al. 2018; Ikawa et al. 2016; Nakashima et al. 2016).Thus, a variety 
of nitrogen-containing species is present in the aqueous phase as well. The reactive 
nitrogen species accumulation in water depends on their solubility and their life-
time. The dominant species for electrical discharges in contact with water are con-
sidered to be the nitrogen oxy- and peroxy-acids and their conjugate ions: HNOx/
NOx

− (Tian and Kushner 2014). Detailed analysis of the generation, transport and 
interactions of reactive nitrogen species in plasma in contact with water can be 
found in (Locke et al. 2012; Bruggeman et al. 2016; Bradu et al. 2020).

Even if the reactive nitrogen species involvement in the organic compounds deg-
radation was less studied, there are solid evidences that these species participate in 
the degradative oxidation pathway of water pollutants. As an example, nitro- 
substituted by-products and N,N-dimethyl-nitroaniline have been detected in the 
degradation of methyl orange in corona discharge in contact with water by Cadorin 
et al. (2015). It was assumed that the organic molecules interact with peroxynitrous 
acid either directly or indirectly via dissociation into ∙NO2 and ∙OH (Moussa et al.
2007; Cadorin et al. 2015).

A general scheme for the reactive oxygen species and reactive nitrogen species 
dynamic in a non-thermal plasma system for water treatment is presented in 
Fig. 1.12.

A large variety of discharge configurations has been used to produce plasma in 
liquid or gas-liquid environments, and can be classified into two categories: dis-
charges generated directly in liquid (i.e. with both electrodes submerged in liquid) 
and discharges generated in the gas phase, in contact with liquid (Bruggeman and 
Leys 2009; Jiang et al. 2014; Magureanu and Parvulescu 2016; Locke et al. 2012). 
The early studies on plasma removal of aqueous pollutants addressed mainly organic 
dyes, due to facile observation of the solution decolorization (Malik et al. 2002; 
Sugiarto et al. 2003; Burlica et al. 2004; Grabowski et al. 2007; Magureanu et al. 
2007, 2008; Stará et  al. 2009). An analysis of reported results revealed that the 



energy efficiency of the process is significantly higher for the plasma in gas phase 
as compared to discharges directly in liquid, especially for large surface to volume 
ratio of the solution to be treated, i.e. in case of thin liquid films or liquid spray 
(Malik 2010).

Most of the recent studies on plasma degradation of water contaminants have 
been carried out using electrical discharges generated in gas phase in contact with 
liquid. Very simple geometries, such as corona, dielectric barrier discharges or glid-
ing arc above liquid, have often been reported for the removal of antibiotics (El 
Shaer et al. 2020; Smith et al. 2018; Sarangapani et al. 2019; Xu et al. 2020; Zhang 
et al. 2018; Acayanka et al. 2019) and pesticides (Hijosa-Valsero et al. 2013; Hu 
et al. 2013; Li et al. 2013; Singh et al. 2016, 2017). Since the penetration depth of 
the plasma-generated reactive species into the solution is very small, in such con-
figurations the volume of plasma-treated solution is generally very small, in the 
milliliter range (Smith et al. 2018; Zhang et al. 2018; Xu et al. 2020). Smith et al. 
(2018) reported the complete removal of ampicillin in 1 mL solution of high con-
centration (20 mM) after only 3 min of treatment with a dielectric barrier discharge 
above liquid. No information on the discharge power is provided, and thus an evalu-
ation of the degradation efficiency is not possible. If treatment of larger solution 
volumes is attempted the time required for pollutant removal becomes much longer. 
Using a pin-to-water corona discharge, El Shaer et al. (2020) obtained almost com-
plete removal of doxycycline with concentration of 50 mg/L in 50 mL water after 
90  min treatment, while the degradation of oxytetracycline was even slower. 
Acayanka et al. (2019) needed 120 min to remove approximately 80% of the initial 
amoxicillin in 500 mL 0.1 mM aqueous solution using a gliding arc above liquid. 
Obviously, the treatment time is not an accurate measure of the efficiency of the 
plasma process, since the degradation depends on a number of factors, such as the 
molecular structure of the target compound, its concentration, the solution volume 

Fig. 1.12 Schematic representation of reactive oxygen species and reactive nitrogen species 
dynamic for non-thermal plasma in contact with water. (Monica Magureanu, Magurele, Romania; 
Corina Bradu, Bucharest, Romania)



and properties, the gaseous atmosphere, the input power and the discharge charac-
teristics, to name only a few. An example to illustrate the large extent of this influ-
ence is the comparison between the above-mentioned results of El Shaer et  al. 
(2020) and the data reported by Singh et al. (2016, 2017), who also used a pin-to- 
water corona to degrade the pesticides carbofuran and 2,4-D and achieved complete 
removal within less than 10 min treatment. Information on the energy efficiency of 
the removal process was provided by Xu et al. (2020), research group that investi-
gated the degradation of norfloxacin (initial concentration 10 mg/L in 10 mL water) 
by a dielectric barrier discharge. Although fast removal of the antibiotic has been 
achieved (4  min), the reported efficiency (defined as the amount of pollutant 
removed per unit of energy consumed in the process) was rather low, i.e. in the 
range of tens of mg/kWh. The addition of H2O2 and Fe2+ significantly improved the 
results, optimum catalyst concentration leading to the reduction of treatment time to 
0.5 min. The positive effect of iron catalyst was attributed to the Fenton reaction in 
the presence of plasma-generated H2O2 (Li et al. 2013; Jović et al. 2014; Hama Aziz 
et al. 2018; Xu et al. 2020).

A comparison between the corona discharge above liquid and a corona generated 
in gas bubbles inside the solution demonstrated much faster degradation of the tar-
get antibiotics in the second case (El Shaer et al. 2020). This discharge geometry, 
with one or several hollow needles submerged in liquid as high voltage electrode 
and plasma produced in gas bubbles at the tip of the needles, has been employed by 
several research groups for the removal of antibiotics, mostly in combination with 
catalysts (Wang et al. 2018d; Guo et al. 2019a, b, c). A slightly different configura-
tion, with the gas blown through a tube containing the high voltage needle electrode 
has also been used (He et al. 2014, 2015; Hu et al. 2019). Several authors produce 
plasma in the gas and bubble the effluent gas through the solution to be treated (Kim 
et al. 2013; Kim et al. 2015; Lee et al. 2018; Tang et al. 2018a, b, 2019; Wang et al. 
2019c; Li et al. 2020). It is unlikely that highly reactive species with short lifetime 
would reach the liquid, so in this case plasma is simply used as a source of ozone.

Besides the generation of large amounts of reactive species in the plasma, their 
efficient transfer to the treated liquid is essential for the enhancement of pollutants 
removal efficiency. This has been demonstrated for instance in the experiments of 
Acayanka et al. (2019), where the authors compared the degradation of amoxicillin 
by a gliding arc plasma above the target solution with the results obtained when the 
solution is sprayed through the discharge region. Faster degradation of the antibiotic 
has been reported for the spray configuration than in the batch mode (i.e. three times 
larger rate constant) and 2.5 times higher energy yield. Hijosa-Valsero et al. (2013) 
have also confirmed the importance of large surface-to-volume area by comparing 
the removal of several pesticides in water using either a batch dielectric barrier dis-
charge geometry or a dielectric barrier discharge with falling liquid film. The energy 
efficiency for the removal of atrazine is 10 times higher in the configuration with 
liquid circulation, while for the insecticides lindane and chlorfenvinfos, it exceeds 
one order of magnitude. Such more elaborated reactor design has been extensively 
investigated for the degradation of various pesticides (Hijosa-Valsero et al. 2013; 
Jović et al. 2013, 2014; Vanraes et al. 2015, 2017; Bradu et al. 2017; Yu et al. 2017; 



Hama Aziz et al. 2018) and antibiotics (Magureanu et al. 2011; Rong and Sun 2014; 
Rong et al. 2014; Xin et al. 2016; Iervolino et al. 2019). Most authors used coaxial 
geometry, with the liquid pumped upwards through a cylindrical inner electrode and 
then flowing as a thin film on the outer surface of this tube, thus being in direct 
contact with plasma. However, planar geometries have also been employed, with 
the liquid film flowing either horizontally (Xin et al. 2016) or vertically (Hama Aziz 
et al. 2018) between the electrodes. One of the challenges in the dielectric barrier 
discharge with falling liquid film is to produce a stable thin film of liquid. Hama 
Aziz et al. (2018) obtained a homogeneous and stable solution layer of thickness 
estimated to 150 mm, flowing along large area (68 × 29 cm) glass sheets and used 
this planar dielectric barrier discharge configuration to degrade the herbicide 2,4- 
D. A comparison between plasma treatment and other advanced oxidation processes 
from the point of view of the energy yield revealed that the dielectric barrier dis-
charge in combination with Fenton oxidation is the most efficient treatment process, 
followed in this order by ozonation, plasma alone, photocatalytic ozonation and, at 
last photocatalysis. Although the good removal efficiency of ozonation is confirmed, 
the authors mention its major drawback related to low mineralization. For improved 
degradation of the target compound and its intermediate oxidation products, either 
photocatalytic ozonation, or plasma combined with Fenton oxidation are recom-
mended (Hama Aziz et al. 2018).

It is now generally accepted that the addition of Fe2+ to the plasma treatment 
significantly improves the removal of aqueous contaminants, another example being 
the herbicides mesotrione and sulcotrione (Jović et al. 2013; Jović et al. 2014). In 
this case it has been found that the effect of Fe2+ exceeds that of Mn2+ and Co2+. The 
combination of plasma with TiO2 catalysts also appears successful for pollutants 
removal. He et al. (2014) reports a considerable rise in the removal rate of the anti-
biotic tetracycline, from 61.9% to 85.1%, accompanied by the enhancement of total 
organic carbon removal, from 25.3% with the plasma alone to 53.4% in the pres-
ence of TiO2.

Another approach to increase the efficiency of pollutants removal by plasma 
adopted by Vanraes et al. (2015, 2017) is to locally enhance the pollutant concentra-
tion in the plasma region. They used a coaxial dielectric barrier discharge with fall-
ing film and added an activated carbon textile mesh with extremely large surface 
area over the inner electrode. This highly adsorptive material was found to signifi-
cantly contribute to the removal of target compounds in plasma.

A method to improve the mass transfer of the plasma-generated ozone into the 
treated liquid is to bubble the effluent gas from the plasma through the solution 
(Gerrity et al. 2010; Magureanu et al. 2011; Bradu et al. 2017). Therefore, as pre-
sented earlier, dual plasma-ozonation systems have been developed. Very high 
energy efficiency has been reported in such systems, either employing dielectric 
barrier discharge with falling liquid film for the removal of β-lactam antibiotics
(reaching 105 g/kWh for amoxicillin) (Magureanu et al. 2011), or with a corona 
discharge above liquid to degrade the herbicide 2,4-D (5 g/kWh) (Bradu et al. 2017).

One of the most efficient plasma systems reported up to now is based on a pulsed 
corona reactor similar to an electrostatic precipitator, with the liquid introduced as 



droplets or jets through the plasma zone and short high voltage pulses (Panorel et al. 
2013; Preis et al. 2013). Energy yields of tens of g/kWh have been achieved in this 
system for the removal of various pharmaceuticals and these high values have been 
attributed to the large contact area between the plasma and the liquid (Ajo et al. 
2015). This configuration has recently been adapted for the treatment of hospital 
wastewater at pilot scale (50 L) (Ajo et al. 2018) and tests have been run with prom-
ising results for both untreated sewage of a public hospital and for biologically 
treated wastewater effluent of a healthcare institute.

Another report of a pilot-scale plasma system has been done by Gerrity et al. 
(2010) using the reactor developed by Aquapure Technologies Ltd. for the degrada-
tion of several pharmaceuticals in trace concentrations. The pilot unit contains a 
plasma reactor, based on a pulsed corona above water, and an ozone contactor which 
uses the ozone-rich gas from the plasma reactor. The tests have been done on 
tertiary- treated wastewater and spiked surface water with contaminants concentra-
tions of tens to hundreds of ng/L. Rapid degradation of the target compounds has 
been demonstrated and the authors concluded that plasma treatment may be a pos-
sible alternative to more common advanced oxidation processes, since the energy 
requirements for pollutants degradation are comparable and no additional feed 
chemicals are needed.

To increase the performance of non-thermal plasma processes for the degrada-
tion of harmful water pollutants, significant research efforts have been focused on 
the optimisation of the electrical discharge, including reactor design, aimed at 
improving the energy yield. Numerous studies have been dedicated to the under-
standing of the process chemistry through investigation of the plasma-generated 
reactive species, as well as the identification and quantification of the intermediate 
degradation products.

An issue that requires more attention is the characterisation of the plasma treated 
water from both chemical and (eco)toxicological points of view. There are only few 
studies dealing with this complex characterisation and more efforts are needed in 
order to correctly evaluate the plasma treatment performances. Nevertheless, it is 
worth mentioning that progress has been made in developing new combined pro-
cesses such as plasma-ozonation or plasma-catalysis and performing tests on real 
wastewater effluents (like those from hospitals) at pilot-scale. In this context, non- 
thermal plasma appears to be a new potential candidate for water treatment used for 
emerging contaminants removal.

1.8  Conclusion

The remediation of contaminated water in general, and that of emerging substances 
in particular, is not only a source of concern for our societies, but also a major sub-
ject of debate, at both industrial and political levels for all water stakeholders, and 
of research for scientists. Indeed, emerging substances study and their treatment 
have become a relevant research topic for scientists focused on water engineering 



issues. However, the challenge is not simple, as it is difficult to remove trace con-
taminants from complex mixtures of substances in a way that is chemically effec-
tive, technologically simple, economically viable, and environmentally friendly. In 
this chapter, we have described advanced treatment methods that have been pro-
posed for this purpose, including wastewater disinfection, adsorption onto conven-
tional or non-conventional materials, constructed wetlands, membrane bioreactors 
and other biological-based strategies, membrane filtration, and advanced oxidation 
processes such as electrochemical technologies and catalytic ozonation.

Of the various disinfection methods, chlorination and ozonation appear to give 
better results in terms of removing both pathogens and emerging contaminants. 
However, further research is needed to determine the possible toxic characteristics 
of disinfection by-products compared to their parent compounds. The approach 
consisting in the use of ozonation and adsorption on activated carbon has been used 
for about 10 years in countries such as Switzerland and Germany, due to its effi-
ciency, simplicity and technical feasibility at industrial scale, and also for economic 
reasons. Another feature of these technologies is the fact that they can be easily 
integrated into existing treatment facilities. One disadvantage is the rapid saturation 
of the carbon filters, which must then be regenerated. This step is difficult and 
expensive.

Extensive research on non-conventional adsorbents highlights the growing inter-
est of scientists in developing systems that are increasingly effective in removing 
mixtures of trace pollutants, simple to implement from a technological point of 
view, economically viable and environmentally friendly, with little or no impact on 
the environment. Materials such as cyclodextrin polymers, metal-organic frame-
works, molecularly imprinted polymers, chitosan-based materials and nanocellu-
loses have great potential in environmental applications. However, they are still at 
the laboratory study stage. Further research is needed to determine the means of 
integration of these adsorbents into treatment plants.

Biological technologies used for the degradation of new contaminants and the 
reduction of their negative impact on the environment are also a field of research in 
full development and significant advances are expected in the future. Biological 
approaches include constructed wetlands, biomembrane reactors, strategies based 
on the use of algae, fungi and bacteria, and enzymatic degradation. Membrane fil-
tration is already used as a tertiary treatment capable of removing a wide range of 
pollutants and pathogens detected in water, but this treatment has not become wide-
spread due in part to its high cost but also to problems of membrane clogging.

Finally, advanced oxidation processes also represent one of the most promising 
strategies because of their efficiency and simplicity (they can also be integrated into 
plants as primary, secondary and tertiary methods). Significant advances are 
expected in the next few years, although here again, investment, operation and 
maintenance costs must be taken into account. Industrialists will now have to be 
convinced to use these technologies in their municipal wastewater treatment plants.

What are the prospects for the management of emerging substances? Firstly, 
increased political measures to tackle pollution at source would help mitigate the 
impact of pollution. Pollution reduction requires the application of good practices 



for water users and industrialists: reduction of industrial discharges, avoid mixing 
domestic (containing antibiotics) and industrial water (containing metals; recent 
studies have shown a relationship between the presence of metals and the phenom-
enon of bacterial resistance), reduction of pesticides and other plant protection 
products, regulation of soil fertilization, more control or prohibition of hazardous 
substances, etc. All of this obviously has a cost. Secondly, the implementation of 
complementary water treatment systems (known as tertiary decontamination) in 
wastewater treatment plants would make it possible to move towards zero pollution 
discharge and thus increase the availability of water resources. In addition, the 
microbiological quality of treated wastewater is a parameter that is increasingly 
being taken into account. These effluents represent, in some cases, a significant 
source of contamination by pathogens and/or antimicrobial resistant bacteria for the 
receiving environment. However, in many countries, most wastewater treatment 
plants do not apply any disinfection step before the discharge of their water. Finally, 
wastewater is still an undervalued resource of water, energy, nutrients and other 
valuable by-products (metals). Recycling, reuse and recovery of what is normally 
considered waste could alleviate water stress and bring many social, economic and 
environmental benefits. In this context, advanced oxidation processes combined 
with biodegradation, adsorption and membrane filtration are promising, effective 
and environmentally friendly treatments to remove new pollutants and pathogens 
from wastewater and can be part of wastewater reuse policies, even if their high cost 
still prevents their widespread use.
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