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Abstract:

Purpose: The treatment and final disposal of municipal solid waste (MSW) can be an
issue from environmental and social perspectives. In the search for MSW treatment
technologies, anaerobic digestion (AD) emerges as a strategic technology to treat and
convert solid organic waste into energy (biogas/methane). Thus, several advances have
been proposed to reduce complexity and increase AD feasibility, such as Co-AD and two-
phase AD. Accordingly, this work aimed to examine the efficiency of biogas production
from Co-AD of food waste (FW) and garden waste (GW) in a two-phase pilot system.

Methods: To test the two-phase Co-AD of FW and GW in a pilot system under
mesophilic conditions at different hydraulic retention times (HRT: 2 and 3 days) and
organic loading rates (OLR: 4, 6, 8, and 10 kgys/m*/d).

Results: The highest biogas and CH4 production was achieved with an HRT and an OLR
of 2 days and 6 kgvs/m>/d, respectively. The removal of total solids, total organic carbon,
total nitrogen, phosphorus, and chemical oxygen demand was 68%, 27%, 45%, 22%, and
69%, respectively.

Conclusion: Co-AD of FW and GW through biogas/methane production in two phases
represents a promising approach for the valorization of these wastes.

Keywords: Two-phase anaerobic digestion. Volatile fatty acids. Methane. Biogas. Waste
valorization. Biofuel
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Abbreviations: AD — anaerobic digestion; GHG — greenhouse gas; Co-AD - Co-
anaerobic digestion; FW — food waste; GW — garden waste; VFA — volatile fatty acids;
OLR - organic loading rate; HRT — hydraulic retention time; TS — total solids; VS —
volatile solids; total TKN — total Kjeldhal nitrogen; COD — chemical oxygen demand;
TOC — total organic carbon; SBY — specific biogas yield; SMY — specific methane yield.



1. INTRODUCTION

Rising energy costs, stricter environmental legislation, and concerns about climate
change have led the industrial and public sectors to seek sustainable means of energy
production and to use waste to provide renewable fuels to replace fossil ones. From a
circular economy perspective, anaerobic digestion (AD) is a suitable process for
converting waste into energy (biogas). This approach can reduce the environmental
problems (e.g., greenhouse gas (GHG) emissions) associated with the disposal of these
materials in landfills [1]. In addition, AD produces a stabilized, nutrient-rich digestate
that can be either used to enrich soils or as feedstock for another process, such as biochar
production [2-4]. Therefore, several advances have been reported to reduce the
complexity and increase AD processes' technical and economic feasibility. For instance,
one can cite co-digestion and two-phase AD as alternatives to improve this process.

Co-anaerobic digestion (Co-AD) is a well-established technology for increasing
biogas production [5]. By combining two or more substrates, this approach is useful in
improving the availability and balance of macro and micro-nutrients, diluting inhibitory
compounds, strengthening the buffering capacity of the system, broadening the microbial
community during the digestion process, and adjusting the proportion between carbon
and nitrogen. Such improvements can, therefore, lead to higher methane (CHa) yields [6,
7]. For example, food waste (FW) can undergo AD with other wastes, such as sewage
sludge [8], algae [9], manure [10], leachate [11], and lignocellulosic wastes [12].

Regarding two-phase AD, this approach, unlike the single-phase AD, involves
two reactors. Hydrolysis and acidogenesis take place in the first reactor (phase 1) to
produce the acids that are conveyed to the second reactor (phase IlI) in which
methanogenesis reactions occur [13]. This process increases stability by limiting the
accumulation of volatile fatty acids (VFA) in the reactor. The first reactor's environmental
conditions are controlled to promote the growth and proliferation of acid-forming
bacteria. In contrast, the second reactor has its conditions adjusted to be optimal for
methanogenic archaea. Thus, two-phase AD offers a better level of control, as each
reactor can be optimized independently, resulting in better regulation of pH, higher
methane yield, and fewer volatile solids (VS) [14]. Additionally, two-phase AD can work
efficiently at comparatively high organic loading rates (OLR). Therefore, considering its
advantages compared to the single-stage AD process, this approach has been used for the
conversion of FW into CH4 [15].
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Although Co-AD of FW and garden waste (GW) has been widely researched [16—
19], as mono-digestion can present several potential inhibitors to the process due to the
relatively low carbon-to-nitrogen (C/N) ratio [18], the investigations about Co-AD of FW
and GW in two stages and at a pilot scale are less common [20]. Therefore, against this
background, this study aimed to examine the efficiency of biogas production from Co-
AD of FW and GW in a two-phase AD pilot system under mesophilic conditions.
Additionally, albeit great progress has been made in understanding the main parameters
of the AD process of FW, there are still notable deficiencies in understanding the structure
and function of microbial communities in AD processes [21]. Thus, this study also
investigated the composition of the microbial communities in the two phases of the
process. Accordingly, this work might contribute to the expansion of the two-stage Co-
AD system by combining two wide-available substrates (FW and GW), in addition to
being a step towards improving waste valorization techniques from a circular economy

perspective.

2. MATERIALS AND METHODS

2.1. Inoculum and Substrate

The two-stage AD pilot system was designed to use an inoculum with a high
concentration of microorganisms. Bovine manure has high-quality microorganisms, a
neutral pH, and adequate humidity [22-28]. Fresh bovine manure was used as the
inoculum, collected at the Agricultural Sciences Experimental Farm of the Federal
University of Santa Catarina (UFSC), Brazil, and it was diluted with water in a 1:3 ratio.
The moisture, pH, total solids (TS), and volatile solids (VS) of the inoculum were,
respectively, 98.9%, 7.3, 1.19 g/L, and 0.8 g/L.

The substrate used in the experiments came from the university restaurant of the
UFSC, which was composed of FW. This waste was collected monthly and then pre-
treated by diluting (1:1 with water) and grinding it twice in a TRAPP model TR200
organic waste grinder. This process aims to increase the specific surface area and facilitate
microbial action. GW from the flowerbeds of the UFSC, collected during campus
cleaning periods, was used as a co-substrate. After collection, they were shredded five
times in a TRAPP organic waste grinder, stored in plastic bags, and frozen so that they

could be mixed with the organic material. The collection of the substrate and co-substrate
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did not follow a fixed schedule. Due to limited storage space, the substrate and co-
substrate were collected according to feed demand, with intervals ranging from 15 to 90
days.

Immediately after collection, a sample of each waste was separated for analysis of
pH, TS, and VS. After determining the VS of the substrate and co-substrate, both wastes
were mixed and homogenized, following a 1:9 ratio between GW and FW. This ratio was
established based on a previous study [29]. The resulting mixture was analyzed for total
Kjeldhal nitrogen (TKN), chemical oxygen demand (COD), total organic carbon (TOC),
and phosphorus. Finally, once the VS value of the mixture had been determined,
individual portions were separated according to the OLR applied to the system, placed in
plastic bags, and frozen. One portion was taken out of the freezer every day and kept
under refrigeration for 24 hours in order to thaw before feeding the pilot reactor. Table 1

presents physical and chemical characterizations of the inflow waste.

Table 1. Physical and chemical characterization of the mixture (food waste and garden waste) used
in the feeding system.

Parameter Average Median Minimal Maximum

pH 3.8 3.7 2.9 5.0

TS (g/kg) 254 228 184 398
VS (g/kg) 241 180 209 367
TS (%) 26 23 18 41
VS (%) 94 94 92 96
VS/TS (%) 94 94 91 96
COD (g/kg) 235 186 117 461

P (%) 0.13 0.06 0.01 0.46
TOC (%) 45 47 44 50
TKN (%) 11 11 4 16
CIN 8 10 3 12

2.2. Experimental Plan

The first stage of the system (acidogenic module) can be visualized in Figure 1. It
was made of stainless steel and had a working volume of 38 L (total volume of 85 L); the
heating system consisted of an external resistor located in the central part of the reactor,

which operated at mesophilic temperatures (35 to 38 °C). In addition, it had a mechanical
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homogenization system, consisting of three rotating blades and automatic activation at a
frequency of 38 rpm, with agitation for 15 minutes per hour. The reactor had a sampler
(diameter 150 mm) located at the bottom and three side samplers (diameter 75 mm)

arranged at three heights to collect representative samples of the internal biomass.

Methanogenic
module

Acidogenic
module

- Gasometer

P mm————

-------------

Figure 1. Pilot two-phase anaerobic digestion (AD) system. (1) Entrance; (2) Agitation System; (3)
Heating air system; (4) Temperature sensor; (5) pH sensor; (6) Injection system; (7) Biogas measurer;
(8) Pressure controller; (9) Samplers; (10) Control panel; (11) Control panel; (12) Heating system;
(13) Digestate exit; (14) Shaking system; (15) Biogas reservoir; (16) Substrate entry; (17) Samplers;
(18) Gasometer;

The design of the second stage of the system (methanogenic reactor), with a total
capacity of 115 L and a useful capacity of 100 L, is made of stainless steel and has
dimensions of 0.4 m in diameter by 1 m in height (Figure 1). This equipment includes a
heating system with a bayonet-type electric heater positioned in the center of the digester.
It also has a mechanical homogenization mechanism using a three-bladed agitator driven
by a geared motor, which ensures adequate heating and efficient mixing of the substrate
with the biomass. The reactor operates with mixing cycles of 30 min every three hours,
at a speed of 30 rpm. The feed system for organic waste is mounted on the top of the

reactor cover and plunges 0.3 m into the digester, ensuring a submerged intake of material



and preventing oxygenation. The effluent discharge process is facilitated by three side
samplers and a bottom outlet with a nominal diameter of 100 mm.

A Ritter® model TG05 gasometer was used to measure the biogas, and the system
was fed semi-continuously (once a day). The useful volume of the reactors was filled with
inoculum and feeding and analysis began once the inoculum's biogas production had
stabilized. The feeding process was determined by the organic loading rates (OLR) and
the defined flow rate according to Table 2. The definition of the hydraulic retention time
(HRT) and OLR were based on previous research [30, 31]. The tests were named based
on the HRT and OLR of the acidogenic reactor. For example, the system whose
acidogenic reactor had an HRT of 2 days and an OLR of 4 kgys/m®/d was named
S2D4KG. Once the amount of substrate to be added to the reactor had been defined, a
complementary volume of water was added to this substrate to complete the flow volume.
Table 2 indicates the different values applied to the system. An HRT was applied to the
methanogenic reactor; the acidogenic reactor completed several cycles within the time of
the two-phase system. The system was started with a fixed HRT and a gradual increase
in OLRs. Upon reaching the maximum OLR supported by the system, the HRT of both
reactors varied. The interactions between the parameters were evaluated throughout the
process, but the main objective was to obtain the highest conversion of organic material
into CHa.

Table 2. Summary of the volumetric organic loading rates (OLRs) and hydraulic retention time
(HRT) applied in each system.

Acidogenic Methanogenic
Test HRT OLR Application  HRT OLR Application

(days)  (Kgvs/m®d) (L) (days)  (Kgvs/m®/d) (L)
S2D4KG 2 4 20 8 1.8 12
S2D6KG 2 6 20 20 3.5 5
S2D10KG 2 10 20 100 1.9 1
S3D4KG 3 4 13.3 10 4.4 10
S3D6KG 3 6 13.3 20 4.3 5
S3D8KG 3 8 13.3 3.6 2.7 3

The system was fed in the morning and at times when the reactors were stirring.
Finally, the output flow removed from the acidogenic reactor was added to the

methanogenic reactor. The substrate was added to the acidogenic reactor according to the
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corresponding volume of each OLR. The excess volume was applied for analysis. CHa4
and CO2 concentrations were quantified using a GEM5000 portable gas analyzer
(LANDTEC) and evaluated in the qualitative analysis.

2.3. Analytical Methods

The analyses of pH, TS, VS, TKN, NHs, phosphorus, and COD of the substrate,
co-substrate, and outflow were performed according to the Standard Methods for The
Examination of Water and Wastewater [32]. Two tests determined the specific CHa yield
(SMY) and the specific biogas yield (SBY). Test 1 (SMY1, SBY1) was expressed as the
CH4 and biogas produced per unit mass of the initial VS added to the methanogenic
reactor. Test 2 (SMY2) was calculated per unit mass of the initial VS added to the first
reactor (acidogenic) to evaluate the performance of the entire system [5]

The determination of VFA was conducted by gas chromatography using HP 5890
Series Il equipment equipped with Flame lonization detection and DB-WAX capillary
column (polar). The samples were extracted by adding 1g of sodium chloride, 200uL of
sulfuric acid, 200uL of crotonic acid (internal standard), and 600uL of diethyl ether
(solvent). To identify the microorganisms at the beginning and end of the application of
OLR in the reactor, approximately 15 mL of the outflow was collected from each reactor
and centrifuged at 3,000 rpm for 5 minutes. The supernatant was discarded, and the pellet
was stored at around 3 £ 1 °C until the DNA analysis, which was quickly performed. For
the DNA sequencing, the samples were sent to the company Neoprospecta Microbiome
Technologies. The methodology applied in brief was a highly sensitive optimized
screening of the 16S rRNA gene V3-V4 hypervariable region, amplified with standard
hot-start DNA polymerase, according to the methodology reported by Christoff et al. [33].

3. RESULTS AND DISCUSSION

3.1. Volatile Fatty Acids (VFA) Production

The concentration of VFA in the acidogenic reactor is presented in Table 3. The
highest VFA concentrations were observed at organic loads of 6 and 10 kgvs/m®/d. For
the system operated at 2 days with OLR of 2, 4, and 10 kg the total VFA concentrations
were 12957.2, 50581.8, and 24606.0 mg/L, respectively. Acetic acid had the highest
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proportion followed by butyric in the S2D4KG and S2D6KG systems and by propionic
acid in the S2D10KG system. In the acidogenic reactor with 3-day HRT, a predominance
of valeric acid over other VFA was observed at all OLR. Batstone et al. [34] reported that
valeric acid is mainly associated with protein fermentation and as HRT increases, the
concentration of long-chain VFA (such as valeric acid) may also increase, as shown
by Malinowsky et al. [35]. In addition, Elbeshbishy and Nakhla [36] carried out a study
on the production of VFA from a mixture of bovine serum albumin and starch, concluding
that the degradation of most of the proteins occurred within three days. Measuring the
concentration of the products resulting from acid fermentation is fundamental to assessing
whether the hydrolytic-acidogenic effluent is suitable for the methanogenic phase [37].
This analysis is essential to ensure that the fermentation process is occurring effectively

for the effluent to be effectively converted into methane in the subsequent stage.

Table 3. Concentration of acids in the acidogenic reactor.

Test Acetic Propionic  Isobutyric ~ Butyric  Isovaleric  Valeric Total
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
S2D4KG 5234.7 1772.2 207.1 3187.0 238.0 2318.2 12957.2

S2D6KG  27839.2 3990.31 3212.5 10017.8 159.2 5362.8 50581.8

S2D10KG  8752.1 6496.1 3513.6 3014.8 867.6 1961.8 24606.0
S3D4KG 57.3 450.5 50.3 1166.3 75.3 2731.1 4530.8
S3D6KG 1320.9 3325 1083.7 636.2 407.8 3328.9 7110.0
S3D8KG 2143.1 906.8 611.4 2351.9 543.2 2223.7 8780.1

In the acidogenic fermentation process, pH is a crucial element in the hydrolysis and
acidogenesis stages [38]. Baldi et al. [39] observed that VFA production was more
pronounced at the beginning of the experiment, with butyric acid predominating,
followed by acetic acid. During the fermentation phase, the average concentration of VFA
was around 8000 mg/L, similar production to this study. It was observed, in the
acidogenic reactor in this study, that the pH measured in the two HRT was below the ideal
range of 5 to 6 (the pH in the reactor showed results between 3 and 5) [40-42]. Comparing
single-phase and two-phase systems for semi-continuous anaerobic digestion of food
waste, Jo et al. [43] also obtained a pH value outside the ideal range (between 3.3 and
3.4), despite it being much more acidic than in the present study. In contrast, in the large-

scale treatment of food waste, Li et al. [44] observed a pH in the acidogenic phase ranging



from 6.4 to 8.3, a considerably high value when compared to acidogenic reactors in other
studies (between 3.6 and 5.52) [39, 45]. This difference was attributed to the recirculation
of the effluent. As a result, the concentration of VFA was between 874.4 mg/L and
8722.2 mg/L, similar concentrations to the current study. During hydrolysis and
acidogenesis stages, acetic acid is one of the most important VFAS, acting as a precursor
to approximately two-thirds of methane production [46]. However, high concentrations
of acetic acid can inhibit methanogenic activity. Thus, pH control is vital, as it directly
influences VFA production.

For the methanogenic reactor, Table 4 presents the concentration of VFA. The
highest concentration of acids was in the reactor S2D4KG (20847 mg/L), dominated by
butyric and valeric acid. In S2D4KG, the most prevalent acids were butyric and valeric,
revealing that there was greater consumption of acetic acid, which is the main and fastest
CHya production pathway. In S2D6KG, the prevailing acids were propionic and isobutyric.
The increase in OLR can result in the rapid accumulation of VFAs, especially propionic
acid, leading to a decrease in biogas production [43]. In the 3-day HRT methanogenic
reactors, there was consumption of total VFAs and changes in the concentration of
specific acids, suggesting transformation into biogas. Isovaleric acid increased, while
acetic and butyric acids decreased. Valeric and butyric acids were predominant, in line
with the behavior of the acidogenic reactor. The drop in valeric acid points to its use in
biogas generation.

Initial tests indicated that the methanogenic reactor was unable to maintain the
ideal pH of 6,5 to 7,5 when processing the effluent from the acidogenic reactor [47].
Therefore, except in the case of S3D4KG, sodium bicarbonate (NaHCO3) was added at a
concentration of 1g/L to the acidogenic effluent before it entered the methanogenic
reactor. This value was defined by titrating the S3D4KG methanogenic effluent until it
achieved pH 7. Baldi et al. [39] also had to introduce a NaOH solution to prevent a drop

in pH values, which could significantly suppress microbial activity.

Table 4. Concentration of acids in the methanogenic reactor.

Test Acetic Propionic  Isobutyric  Butyric  Isovaleric Valeric  Total
(mg/L) (mg/L) (mg/L) (mg/L)  (mg/L) (mg/L) (mg/L)
S2D4KG 970.3 2630.6 1056.0 9012.5 1583.2 5594.8 20847.4
S2D6KG 565.0 24.4 235 125.5 634.5 20.4 1393.3
S2D10KG 147.9 97.0 922.2 473.7 774.6 503.9 2919.3
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S3D4KG 1696.0 1342.3 454.5 1898.3 723.6 36449  9759.6

S3D6KG 263.1 998.7 790.6 962.2 2002.6 6602.6  11519.8

S3D8KG 1243.9 1855.1 631.4 3017.7 1223.8 3433.0 114049

VFAs, including acetic, propionic, and butyric acids, represent crucial
intermediate compounds in the anaerobic fermentation process [48, 49]. Wu et al. [50]
found that the maximum proportions of acetic and propionic acids under alkaline
conditions were 49% and 34%, respectively. Under neutral conditions, the growth of
methanogens accelerated the consumption of acetic and propionic acids [51]. The
concentration of acid fermentation products provides crucial information for determining
their suitability for the methanogenic stage [52]. Butyric, isobutyric, valeric, and
isovaleric acids are not used directly by methanogenic microorganisms, making their
preliminary conversion to acetic acid necessary. Extreme pH conditions decreased the
abundance of the methanogens [53], as propionic acid contributes up to 35% of CHa
production but can cause system failure in excess. Xiao et al. [54] verifying the complete
degradation of acetic acid at concentrations up to 4.2 g/L in methanogens. However, when
the load reached 7.4 g/L, there was a decrease in methanogenic activity. For the
degradation of propionic acid without the inhibition of methanogens was verified at
concentrations of up to 4.6 g/L in the pH range of 6.40 - 7.30 [55].

3.2. Biogas Production

Figure 2 illustrates the average daily values of biogas and CH4 production, as well
as the specific biogas (SBY) and CH4 (SMY) yields, showing the actual efficiency of
biogas and CHa4 production in the two-stage methanation system. The SBY1 and SMY'1
consider only the grams of VS of the acidogenic outflow added in the methanogenic
reactor. The SBY2 and SMY2 include the total amount of VS entering the system, i.e. the
grams of VS introduced into the acidogenic reactor. Due to a technical problem with the
gasometer used to measure the biogas, it was not possible to measure the biogas
production of the S2D4KG reactor, therefore the results of this reactor are not shown in

Figure 2.
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Figure 2. Average daily production of biogas and methane, and specific production of biogas and
methane in the overall system and in the methanogenic reactor.

The best performances for SBY and SMY were observed in the 2-day HRT.
S2D6KG had the highest SBY laverage (0.88 Lbiogas/g.V Sadded) and the highest SMY laverage
(0.57 Lmethane/d.V Sadded). Thakur et al. [56] explored the Co-AD of FW and bio-
flocculated sewage sludge (BFS) under mesophilic conditions in two reactors, namely,
R1 (fed with 50% FW and 50% BFS; HRT of 4 days) and R2 (fed with 2% FW and 98%
BFS; HRT of 35 days). The authors reported a maximum CHy yield of 142 and 225
ML methane/d.V Sadded iN reactors R1 and R2, respectively. In contrast, Sosnowski et al. [57]
evaluated the Co-AD of sewage sludge and organic fraction of municipal solid waste in
a mixing ratio of 75:25 and reported 439 mMLmethane/g.VSadded, Which operated
mesophilically.

Based on the parameters evaluated herein, CH4 yield has a negative correlation with
the concentration of valeric and isovaleric acids in the acidogenic reactor. The results for
SBY1 and SMY1 demonstrated that the concentration of CH4 in the biogas averaged
> 60%, reaching a maximum value of 72%. The average biogas yield was 27.71 L/d.
S2D10KG had the highest efficiency in converting VS to biogas, with SBY1 of
0.74 Lbiogas/9.VSagdes and SMY1 of 0.38 Lmethane/d.VSadded. Average daily biogas
production was 14.85 L/d and the concentration of CH4 in the biogas was higher than that
of CO». The reduction in SMY average from 0.57 t0 0.45 Lmethane/Q.V Sadded With the increase
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in OLR from 6 to 10 Kg.STV/m3d can be explained by the imbalance in the
methanogenic stage caused by the drop in pH at the higher load and the increase in the
concentration of VFA in the reactor. Similarly to what was observed in this research,
Leite etal. [58] and Flor [59] found an instability inside the reactor resulting in a reduction
in SMY as the load increased.

In a 3-day HRT period, a reduction in biogas and CH4 production was noted
compared to the 2-day HRT. Instability was observed through fluctuations in pH and high
levels of VFA, especially in the acidogenic reactor, which negatively affected the
efficiency of VS conversion into biogas and CHa. At certain times, the concentration of
CO. exceeded that of CH4 in the biogas. S3D4KG had the lowest performance in terms
of biogas and CHs production. Changes in the waste fed to the reactor caused instability
and a consequent drop or stagnation in biogas production, with a daily average of just 2.1
liters. In comparison, a longer HRT resulted in a decrease of around 50% in biogas and

methane production for the same OLR of 6 kgvs/m®/d.

3.3. Removal efficiency of total and volatile solids

AD of food waste is a complex process in which anaerobic bacteria transform VS
into biogas, biomass, and stable solids. Table 5 presents the average removal of TS and
VS in the acidogenic and methanogenic reactors. In the S2D4KG operation, the initial
concentrations of TS and VS were 8.47 and 8.0 g.VS/L, respectively; the concentration
of VS in the outflow was 2.06 g.VS/L. Meanwhile, in S2D6KG, the values were higher,
with 13.02 and 12.0 g.VVS/L at the inlet and 2.89 g/L of VS in the effluent. For S2D10KG,
there was an increase in TS and VS in the effluent compared to the inflow, indicating an
accumulation of sludge. However, the average VS in the acidogenic reactor effluent was
4.07 g/L during monitoring, lower than the input average of 20 g/L.

Similarly to the samples with 2-day HRT, the 3-day monitoring revealed an
increase in solids in the reactor collectors, resulting in increases in the levels of TS and
VS in certain samples. In the S3D4KG, S3D6KG, and S3D8KG tests, the affluent TS
levels were 13.06, 19.05, and 25.45 g.TS/L, respectively, while the affluent VS levels
were 12.00, 18.00, and 24.00 g.VSI/L, respectively. The effluent VS values at the end of
the process were 3.07, 4.03 and 8.09 g.VS/L, respectively. During AD, partial
mineralization of organic matter is expected, which leads to a reduction in TS and VS

levels and an increase in fixed solids (FS), according to Metcalf and Eddy [60]. The
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efficiency of the system in removing nutrients was measured by the percentage reduction
of TS and VS in the acidogenic and methanogenic reactors, as well as the total removal
of the system is detailed in Table 5.

Table 5. Average removal of total solids (TS) and volatile solids (VS) in the acidogenic and
methanogenic reactors.

TS removal (%) VS removal (%)
Test Acidogenic  Methanogenic System Acidogenic  Methanogenic System
reactor reactor reactor reactor
S2D4KG 29.5 5.5 48 42 16 54
S2D6KG 58 27 68 59.5 9 76
S2D10KG 24 47 60 20 76 70
S3D4KG 53 25 63 49 36 69.5
S3D6KG 59 27 71 40.5 44.5 76.5
S3D8KG 48 17 52 48.5 10 66

The tests revealed that the highest VS removal rate was 76% for the S2D6KG and
S3D6KG loads, while the lowest was 54% for S2D4KG. These results are the same line
of approach as a study conducted on two-stage thermophilic anaerobic digestion, which
found effective results although it had a sludge retention time (SRT) of 30 days. The VS
reduction rate was 82% during the stable phase, and TS removal reached 77% [61]. Other
studies, such as Wu et al. [62], have achieved VS removal yields of 75%, with HRT of
4.25 days and OLR of 4 kgys/m*/d.

With 2-day HRT, it was noted that the lowest load (S2D4KG) resulted in a less
effective removal efficiency, with 48% for TS and 54% for VS. The removal efficiency
increased with the OLR, reaching 68% for TS and 76% for VS in the S2D6KG test.
However, an increase in OLR from 6 to 10 kgvs/m*/day was harmful, decreasing the
overall efficiency of the system. For a 3-day HRT, the average removal rates were 63%,
71%, and 52% for TS and 69%, 76%, and 66% for VS in the S3D4KG, S3D6KG and
S3D8KG, respectively, with the 6 kg OLR (S3D6KG) presenting the best efficiency. The
increase in OLR from 6 to 8 kgvs/m?/d caused a reduction in nutrient removal efficiency
in both reactors. In contrast to studies conducted in a two-stage system that worked
efficiently at OLR 10-15 kgys/m>/d in the methanogenic reactor [63]. Parra-Orobio et al.

[64] observed a drop in the removal of VS when the OLR went from 4.5 (average over
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85%) to 9.0 kgvs/m*/d (under 75%) in an acidogenic reactor, and from 2.0 to 4.0
kgvs/m*/d in the methanogenic reactor.

3.4. Removal efficiency of total organic carbon, nitrogen, phosphorus, and chemical

oxygen demand

The average concentration of TOC, TKN, phosphorus, and COD in acidogenic
and methanogenic reactors, as well as system removal percentage, are presented in Table
6, Table 7, Table 8, and Table 9, respectively. Carbon, nitrogen, and phosphorus are
fundamental nutrients for AD by being involved in cell synthesis, microorganism growth,
and energy supply [65].

Regarding TOC (Table 6), in the 2-day HRT tests, the conversion value in the
acidogenic reactor was below 10%, while in the methanogenic reactor, the conversion
was close to 20%. When analyzing the system removal, S2D6KG and S2D10KG
presented a TOC removal of 27% and 22%, respectively. The results of the 3-day HRT
tests were comparable to those of the 2-day HRT. In all tests conducted in the acidogenic
reactor, conversion did not exceed 8%. The overall system conversion was highest in
S3D4KG, followed by S3D6KG, and the lowest conversion was observed in S3D8KG. It
was observed that the TOC conversion did not follow the increase in OLR. For both HRT
(2 and 3 days), the highest OLR showed the lowest results, indicating a possible

accumulation of organic material in the system.

Table 6. Average concentration of total organic carbon (TOC) in relation to total solids (TS)
evaluated in the acidogenic and methanogenic reactors.

TOC (%) System
Test Affluent Acidogenic Methanogenic  removal (%)

reactor reactor
S2D4KG 45 41 33.57 25
S2D6KG 45 43 33 27
S2D10KG 455 43 35.5 22
S3D4KG 4 42 30 34
S3D6KG 45.5 45 33 27
S3D8KG 45 42 37 18

Concerning nitrogen (Table 7), the percentage removal of TKN in the system was
directly proportional to the increase in OLR in the 2-day HRT tests. The best efficiency
was obtained with the reactor with the highest OLR (S2D10KG). However, in the 3-day
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HRT tests, the percentage removal of TKN from the system was in the following order:
S3D4KG > S3D6KG > S3D8KG. Sanchez et al. [66] reported that the increase in OLR
does not considerably affect the concentrations of TKN in the effluent, as it was noted in
the 3-day HRT tests. Itis also important to highlight that when comparing the same charge
volume under varying hydraulic retention times, the effectiveness in eliminating TKN is
slightly reduced when the HRT is shorter. Arvin et al. [67], finding a maximum TKN
removal performance of 92.4% in leachates, also observed a decrease in the efficacy of
TKN elimination when the HRT was decreased, from 48 hours to 24 hours, and from 24
hours to 12 hours.

The presence of NHs was observed throughout the monitoring period. In the
acidogenic reactor, the maximum average value observed was 63.5 mg/L in S2D10KG,
while in the other tests, the concentration was less than 30 mg/L. In the methanogenic
reactor, the highest average value was obtained in the S3D8KG test. The NHs
concentration in both reactors increased directly to the OLR. This increase can be
attributed to the organic material available for assimilation by the bacteria, since the
ammonification of the medium occurs when bacteria convert proteins to ammonia,
thereby increasing the concentration of this substance as the load increases [68].
Ammoniacal nitrogen in high concentrations can act as an inhibitor in anaerobic
processes, causing instability in the process and leading to a decrease in biogas and
methane vyields; this can eventually fail the methanogenic reactor [69]. According to
Prochazka and co-workers, the optimal ammoniacal nitrogen concentrations for CHa
production lie between 2,100 mg/L and 3,100 mg/L. Ammoniacal nitrogen concentrations
above 4,000 mg/L were found to inhibit methane production, whereas low concentrations

(500 mg/L) were observed to cause a decrease in CH4 production [70].

Table 7. Average concentration of total Kjeldahl nitrogen (TKN) and ammonia (NHs) evaluated in
the acidogenic and methanogenic reactors.

TKN (mg/L) NHs (mg/L) System

T - - - — removal

est Affluent Acetogenic  Methanogenic Acetogenic Methanogenic  of TKN
reactor reactor reactor reactor (%)
S2D4KG 332.72 289.8 £59 263.74 £ 82 7687 52.95 £ 22 21
S2D6KG 526.5 383.6 £ 187 290.71 £ 87 26.21 + 32 217.82+74 45
S2D10KG 840.9 598.2 £ 112 360.10 = 35 63.58 £ 37 293.04 £ 27 57
S3D4KG 576.53  387.7 £ 163 303.32 £91 20.36 £ 6 202.14 = 65 47
S3D6KG 665.25 429.1+131  406.48 + 127 26.61 £ 16 206.65 £ 70 40
S3D8KG 1030.24  831.95+ 78 798.41 =598 331921 379.16 = 150 23
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Table 8 presents the average concentration of phosphorus evaluated in the
acidogenic and methanogenic reactors. During the experiment, there was little variation
in the concentration of phosphorus, which was already expected and justified by the low
assimilation of this nutrient by the bacteria. The biological utilization of phosphorus
occurs through the selection of bacteria capable of storing polyphosphate. However, in
anoxic environments, this reduction tends to be very low [71]. The biological utilization
of phosphorus occurs through selecting bacteria capable of storing polyphosphate.
However, polyphosphate-accumulating organisms are typically cultured under
alternating anaerobic and aerobic conditions [72]. Overall, AD has no significant effect
on phosphorus removal [73, 74], although it can achieve a phosphorus reduction in the
range of 10 to 30% [75]. In this study, the S2D4KG reactor had the best efficiency (42%),
in accordance with the efficiency found by Costa et al. [76]. Furthermore, operating an
anaerobic-aerobic reactor to treat the effluent from an anaerobic digester fed with organic
food waste, Melo et al. [77] achieved a phosphorus removal efficiency of 23%, with a

hydraulic retention time of 24 h and an organic load rate of 1 kgcon/m®/d applied.

Table 8. Average concentration of phosphorus evaluated in the acidogenic and methanogenic
reactors.

Phosphorus (mg/L)
Test _ Methanogenic Systemoremoval

Affluent  Acetogenic reactor reactor (%)
S2D4KG 11.39 7.68+ 70 6.56 £ 21 42
S2D6KG 28.25 26.21 + 32 22.11+15 22
S2D10KG 72.49 63.58 + 38 52.12+35 28
S3D4KG 21.75 20.36 £+ 60 18.37 £ 55 16
S3D6KG 35.16 26.6 £ 15.6 26.1+22 26
S3D8KG 68.83 33.2+20 65.8 £ 31 4

The results of COD removal efficiency are reported in Table 9. It was observed
that, for 2-day HRT, the COD removal percentages were 51%, 69%, and 57% for the
S2D4KG, S2D6KG and S2D10KG tests, respectively. The lowest efficiency was
recorded for the lowest organic loading rate. As the OLR increased, there was an increase
in COD removal, reaching a peak of 6 Kg.vVS/m3.d. However, when the OLR was
increased to 10 Kg.VS/md.d, there was a drop in the system's COD removal efficiency.
For 3-day HRT, the COD removal percentages found were 23%, 49%, and 35%,
respectively, for the S2D4KG, S2D4KG and S2D4KG tests, with OLR of 4, 6, and
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8 Kg.VS/m?®.d. The maximum COD removal was obtained with an OLR of 6 kgys/m®/d
(69% for a 2-day HRT).

Table 9. Mean percentage removal of chemical oxygen demand (COD) evaluated in the
acidogenic and methanogenic reactor.

Removal (%)

Test : ; i
Acidogenic Methanogenic System
reactor reactor
S2D4KG 40 19 51
S2D6KG 26 61.5 69
S2D10KG 20 53 57
S3D4KG 18.5 35 23
S3D6KG 27 24 49
S3D8KG 33 20.5 35

Leite et al. [58] treated thickened sludge from wastewater treatment plants
(WWTPs) in the same reactor used in this study and obtained 60% removal with an OLR
of 2.5 Kg.VS/m3.d. Increasing the OLR to 10 and 8 Kg.vVS/m®.d, respectively, led to a
drop in COD removal efficiency. Flor [59] also reported this phenomenon; when the
maximum load applied was 17 Kg.VS/m?.d, there was a reduction in removal efficiency,
which dropped from 60% to 48%. Xiao et al. [78], meanwhile, studied thermophilic AD
with FW in a two-stage system and found that nutrient removal in the acidogenic reactor
was < 4%; in addition, the removal values for COD were 77%.

Silva et al. [79] reported that, in the acidogenesis process, VS and COD removal
efficiency did not exceed 10% and 20%, respectively. It is common to observe a modest
reduction in COD during the acidogenic phase, as this is a period in decreasing organic
compounds are predominantly transformed into soluble metabolites, such as volatile fatty
acids (VFA) and alcohols. This partial removal of carbohydrates can be attributed to the
complexity of the organic matter in the food waste, which includes a mixture of fruit,
vegetables and meat [80]. During the methanogenic stage, a significant reduction in the
concentration of organic matter was observed. COD removal ranged from 20%
(S3D8KG) to 61% (S2D6KG). Around half of the organic content left over from
acidogenesis was processed or stabilized in the methanogenic phase. The soluble organic

matter remaining from the acidogenic stage was effectively used to produce CHa.
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3.5. Microbial Community Assessment

In the acidogenic reactor, the microbial community assessment showed that the
Firmicutes phylum was the most prevalent for all the HRT and OLR. In S2D6KG and
S2D10KG systems, the Firmicutes phylum had the highest relative abundance at the
beginning and the end of the process. In general, the predominant phyla in the acidogenic
stage in AD are the Firmicutes and Bacteroidetes [81], as reported in this study and by
Duan et al. [82]. These microorganisms have the ability to produce lytic enzymes to
decompose organic compounds, as well as being able to resist extreme environments and
conditions [81]. For the S2D6KG system, the second-highest relative abundance was for
Actinobacteria phylum at the beginning, while Proteobacteria was the second most
prevalent at the end. Conversely, for the S2D10KG system, the Proteobacteria was
replaced by the Actinobacteria with the second-highest relative abundance at the end of
the process. Overall, the main genera found in the acidogenic reactors were Bacteroides,
Butyvibrio, Clostridium, Fusobacterium, Selenomonas, Streptococus, Proteus,
Peptococcus, and Bacillus.

Previous studies have also observed organisms under different process conditions.
The results showed that microbial communities are clearly influenced by process
temperatures and ammonia concentrations [83]. In reactors operated under mesophilic
conditions, Levilinea, Syntrophomonas, Methanothrix, and Methanosphaerula were
dominant organisms detected during the process. In thermophilic reactors, Levilinea,
Ornatilinea, Methanosphaerula, and Methanomassiliicoccus dominated [84].
Concerning archaea, Methanosaeta, Methanobacterium, and Methanosarcinaceae are
commonly detected in high relative abundance in anaerobic digesters operated with
different operating parameters [81].

This microbial diversity was also observed in the methanogenic reactor, the
Methanosarcina and Methanosaeta prevailed equally in the S2D6KG initially, but the
Methanosaeta genus predominated at the end. For S2D10KG, the Methanosarcina and
Methanosaeta were the genus with the highest relative abundance at the beginning and
the end, respectively. It also highlights that OLR and HRT are connected parameters and
influence the ecological aspects of anaerobic digestion, which can alter the growth of
microorganisms [85]. Regarding the 3-day HRT, the Methanobacterium genus
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predominated at the beginning and the end of S3D6KG. For S3D6KG, Methanosaeta was
the most prevalent genus at the beginning, changing to Methanobacterium at the end.

A positive correlation between anaerobic reactor performance and microbial
diversity was reported by Liu et al. [86], with an observed increase in methane linked to
five operational taxonomic units of Firmicutes and four of Bacteroidetes [82]. The
chemistry of the substrate considerably influences the configuration of the microbial
community in biogas reactors [81]. As for the microbiology involved in the production
of VFAs in this study, Clostridium, Staphylococcus, Acetivibrio, and Eubacterium
predominated in the hydrolysis of polysaccharides, while Clostridium, Micrococcus, and
Staphylococcus predominated in the group involved in the breakdown of lipids. For
protein degradation, the main genera found were Bacteroides, Butyvibrio, Clostridium,
Fusobacterium, Selenomonas, Streptococcus, Peptococcus, and Bacillus. These
microorganisms are responsible for the production of acetic and propionic acids, which
are necessary precursors for methane production, but also formic and butyric acids, as
indicated by Harirchi et al. [87].

4. CONCLUSION

This study employed a two-phase evaluation of a pilot-scale Co-AD process, utilizing
different HRT and OLR conditions. An elevated OLR proved advantageous for the
formation of VFAs and the selection of the specific microbial community within the
acidogenic reactor. In methanogenic reactors, a reduction in the concentration of acetic,
butyric, and propionic acids in the effluent was observed to be associated with an increase
in methane production. This indicates that these acids are more effectively consumed and
converted into biogas. The most significant finding concerning biogas/methane
production was observed at an HRT of 2 days and an OLR of 6 kgvs/m?/d. In this system,
the removal of total solids, total organic carbon, total nitrogen, phosphorus, and chemical
oxygen demand was 68%, 27%, 45%, 22%, and 69%, respectively. Therefore, the
valorization of FW and GW through biogas/methane production by Co-AD in two phases

represents a promising approach for the valorization of these wastes.

20



REFERENCES

10.

11.

Zamri, M.F.M.A., Hasmady, S., Akhiar, A., Ideris, F., Shamsuddin, A.H., Mofijur, M.,
Fattah, I.M.R., Mahlia, T.M.I.: A comprehensive review on anaerobic digestion of
organic fraction of municipal solid waste, (2021)

Cavali, M., Junior, N.L., Mohedano, R.D.A,, Filho, P.B., Helena, R., Borges, A., Junior,
D.C.: Biochar and hydrochar in the context of anaerobic digestion for a circular
approach: An overview. Science of the Total Environment. 822, 153614 (2022).
https://doi.org/http://dx.doi.org/10.1016/].scitotenv.2022.153614

Song, S., Lim, J.W,, Lee, J.T.E., Cheong, J.C., Hoy, S.H., Hu, Q., Tan, J.K.N., Chiam, Z,,
Arora, S., Lum, T.Q.H., Lim, E.Y., Wang, C.H., Tan, H.T.W., Tong, Y.W.: Food-waste
anaerobic digestate as a fertilizer: The agronomic properties of untreated digestate and
biochar-filtered digestate residue. Waste Management. 136, 143-152 (2021).
https://doi.org/10.1016/j.wasman.2021.10.011

Cavali, M., Sena, J.D. de, Libardi Junior, N., Mohedano, R. de A., Belli Filho, P., Castilhos
Junior, A.B. de: Perspectives on Biogas Purification and Digestate Valorization. In: Banu
Jeyakumar, R., Sankarapandian, K., and Kannah Ravi, Y. (eds.) A Closer Look at
Anaerobic Digestion. Nova Science Publishers, New York (2023).
https://doi.org/10.52305/SKCZ3668

Schievano, A., Tenca, A., Lonati, S., Manzini, E., Adani, F.: Can two-stage instead of one-
stage anaerobic digestion really increase energy recovery from biomass? Appl Energy.
124, 335-342 (2014). https://doi.org/10.1016/j.apenergy.2014.03.024

Tyagi, V.K., Fdez-Gielfo, L.A., Zhou, Y., Alvarez-Gallego, C.J., Garcia, L.I.R., Ng, W.J.:
Anaerobic co-digestion of organic fraction of municipal solid waste (OFMSW): Progress
and challenges, (2018)

Karki, R., Chuenchart, W., Surendra, K.C., Shrestha, S., Raskin, L., Sung, S., Hashimoto,
A., Kumar Khanal, S.: Anaerobic co-digestion: Current status and perspectives, (2021)

Thakur, H., Verma, N.K., Dhar, A., Powar, S.: Anaerobic co-digestion of food waste and
bio flocculated sewage sludge towards bio-methane production. Energy Reports. 11,
2867-2876 (2024). https://doi.org/10.1016/j.egyr.2024.02.040

Khanthong, K., Kadam, R., Kim, T., Park, J.: Synergetic effects of anaerobic co-digestion
of food waste and algae on biogas production. Bioresour Technol. 382, (2023).
https://doi.org/10.1016/j.biortech.2023.129208

Zhao, X., Hong, J.K., Park, S.Y., Yun, J., Jho, E.H.: Stabilization of microbial network by
co-digestion of swine manure and organic wastes. J Environ Manage. 355, (2024).
https://doi.org/10.1016/j.jenvman.2024.120475

Peng, Y., Li, L., Yuan, W., Wu, D., Yang, P., Peng, X.: Long-term evaluation of the
anaerobic co-digestion of food waste and landfill leachate to alleviate ammonia
inhibition. Energy Convers Manag. 270, (2022).
https://doi.org/10.1016/j.enconman.2022.116195

21


https://doi.org/10.52305/SKCZ3668

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Nalo, T., Paliya, S., Mandpe, A, Rich, N., Bharti, A., Kumar, S.: Co-digestion of municipal
solid waste with lignocellulosic waste in mesophilic Environment. Chemosphere. 295,
(2022). https://doi.org/10.1016/j.chemosphere.2022.133852

Luo, L., Kaur, G., Wong, J.W.C.: A mini-review on the metabolic pathways of food waste
two-phase anaerobic digestion system, (2019)

Jiménez-Castro, M.P., Buller, L.S., Zoffreo, A., Timko, M.T., Forster-Carneiro, T.: Two-
stage anaerobic digestion of orange peel without pre-treatment: Experimental
evaluation and application to Sdo Paulo state. J Environ Chem Eng. 8, (2020).
https://doi.org/10.1016/j.jece.2020.104035

Srisowmeya, G., Chakravarthy, M., Nandhini Devi, G.: Critical considerations in two-
stage anaerobic digestion of food waste — A review, (2020)

Chen, Y., Zhuy, R, Jiang, Q., Sun, T,, Li, M., Shi, J., Chai, H., Gu, L., Ai, H., He, Q.: Effects of
green waste participation on the co-digestion of residual sludge and kitchen waste: A
preliminary study. Science of The Total Environment. 671, 838—849 (2019).
https://doi.org/10.1016/j.scitotenv.2019.03.339

Fitamo, T., Boldrin, A., Boe, K., Angelidaki, I., Scheutz, C.: Co-digestion of food and
garden waste with mixed sludge from wastewater treatment in continuously stirred
tank reactors. Bioresour Technol. 206, 245-254 (2016).
https://doi.org/10.1016/j.biortech.2016.01.085

Chen, X., Yan, W., Sheng, K., Sanati, M.: Comparison of high-solids to liquid anaerobic
co-digestion of food waste and green waste. Bioresour Technol. 154, 215-221 (2014).
https://doi.org/10.1016/j.biortech.2013.12.054

Liczbinski, P., Borowski, S.: Co-Digestion of Kitchen Waste with Grass and Leaves after
Hyperthermophilic Pretreatment for Methane and Hydrogen Production. Energies
(Basel). 14, 5880 (2021). https://doi.org/10.3390/en14185880

Borth, P.L.B., Perin, J.K.H., Torrecilhas, A.R., Lopes, D.D., Santos, S.C., Kuroda, E.K.,
Fernandes, F.: Pilot-scale anaerobic co-digestion of food and garden waste: Methane
potential, performance and microbial analysis. Biomass Bioenergy. 157, (2022).
https://doi.org/10.1016/j.biombioe.2021.106331

Wang, S., Xu, C., Song, L., Zhang, J.: Anaerobic Digestion of Food Waste and Its
Microbial Consortia: A Historical Review and Future Perspectives. Int J Environ Res
Public Health. 19, 9519 (2022). https://doi.org/10.3390/ijerph19159519

Manyi-Loh, C., Mamphweli, S., Meyer, E., Makaka, G., Simon, M., Okoh, A.: An Overview
of the Control of Bacterial Pathogens in Cattle Manure. Int J Environ Res Public Health.
13, 843 (2016). https://doi.org/10.3390/ijerph13090843

Ge, M., Shen, Y., Ding, J., Meng, H., Zhou, H., Zhou, J., Cheng, H., Zhang, X., Wang, J.,
Wang, H., Cheng, Q., Li, R,, Liu, J.: New insight into the impact of moisture content and
pH on dissolved organic matter and microbial dynamics during cattle manure
composting. Bioresour Technol. 344, 126236 (2022).
https://doi.org/10.1016/j.biortech.2021.126236

22



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Huang, J., Yu, Z., Gao, H., Yan, X., Chang, J., Wang, C., Hu, J., Zhang, L.: Chemical
structures and characteristics of animal manures and composts during composting and
assessment of maturity indices. PLoS One. 12, e0178110 (2017).
https://doi.org/10.1371/journal.pone.0178110

Ahlberg-Eliasson, K., Westerholm, M., Isaksson, S., Schniirer, A.: Anaerobic Digestion of
Animal Manure and Influence of Organic Loading Rate and Temperature on Process
Performance, Microbiology, and Methane Emission From Digestates. Front Energy Res.
9, (2021). https://doi.org/10.3389/fenrg.2021.740314

Ulukardesler, A.H.: Anaerobic co-digestion of grass and cow manure: kinetic and GHG
calculations. Sci Rep. 13, 6320 (2023). https://doi.org/10.1038/s41598-023-33169-0

Li, Y., Zhao, J., Krooneman, J., Euverink, G.J.W.: Strategies to boost anaerobic digestion
performance of cow manure: Laboratory achievements and their full-scale application
potential. Science of The Total Environment. 755, 142940 (2021).
https://doi.org/10.1016/j.scitotenv.2020.142940

Uddin, M.M., Wright, M.M.: Anaerobic digestion fundamentals, challenges, and
technological advances. Physical Sciences Reviews. 8, 2819-2837 (2022).
https://doi.org/10.1515/psr-2021-0068

Malinowsky, C.: Tratamento dos residuos sdlidos organicos da UFSC através de
biodigestor anaerdbio, https://repositorio.ufsc.br/xmlui/handle/123456789/167638,
(2016)

Malinowsky, C., Nadaleti, W., Debiasi, L.R., Goncalves Moreira, A.J., Bayard, R., Borges
de Castilhos Junior, A.: Start-up phase optimization of two-phase anaerobic digestion of
food waste: Effects of organic loading rate and hydraulic retention time. J Environ
Manage. 296, (2021). https://doi.org/10.1016/j.jenvman.2021.113064

Leite, W.R.M., Gottardo, M., Pavan, P., Belli Filho, P., Bolzonella, D.: Performance and
energy aspects of single and two phase thermophilic anaerobic digestion of waste
activated sludge. Renew Energy. 86, 1324-1331 (2016).
https://doi.org/10.1016/j.renene.2015.09.069

Baird, R.B., Eaton, A.D., Rice, E.W.: Standard Methods for the Examination of Water and
Wastewater 23rd Edition. American Public Health Association, American Water Works
Association, Water Environment Federation, Washington D.C. (2017)

Christoff, A.P.; R.A.F.; B.D.R.; M.R.L.V. and O.L.F. V.: Bacterial identification through
accurate library preparation and high-throughput sequencing. Neoprospecta
Microbiome Technologies. 25, 1-5 (2017)

Batstone, D.J., Amerlinck, Y., Ekama, G., Goel, R., Grau, P., Johnson, B., Kaya, ., Steyer,
J.-P., Tait, S., Takacs, I, Vanrolleghem, P.A., Brouckaert, C.J., Volcke, E.: Towards a
generalized physicochemical framework. Water Science and Technology. 66, 1147—
1161 (2012). https://doi.org/10.2166/wst.2012.300

Malinowsky, C., Nadaleti, W., Debiasi, L.R., Goncalves Moreira, A.J., Bayard, R., Borges
de Castilhos Junior, A.: Start-up phase optimization of two-phase anaerobic digestion of
food waste: Effects of organic loading rate and hydraulic retention time. J Environ
Manage. 296, 113064 (2021). https://doi.org/10.1016/j.jenvman.2021.113064

23



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Elbeshbishy, E., Nakhla, G.: Batch anaerobic co-digestion of proteins and carbohydrates.
Bioresour Technol. 116, 170-178 (2012).
https://doi.org/10.1016/j.biortech.2012.04.052

Ucisik, A.S., Henze, M.: Biological hydrolysis and acidification of sludge under anaerobic
conditions: The effect of sludge type and origin on the production and composition of
volatile fatty acids¥. Water Res. 42, 3729-3738 (2008).
https://doi.org/10.1016/j.watres.2008.06.010

Gensollen, G., Pourcher, A.-M., Duedal, A.-L., Picard, S., Le Roux, S., Peu, P.: Impact of
pH in the first-stage of a two-stage anaerobic digestion on metabolic pathways and
methane production. Bioresour Technol Rep. 20, 101256 (2022).
https://doi.org/10.1016/j.biteb.2022.101256

Baldi, F., Pecorini, I., lannelli, R.: Comparison of single-stage and two-stage anaerobic
co-digestion of food waste and activated sludge for hydrogen and methane production.
Renew Energy. 143, 1755-1765 (2019). https://doi.org/10.1016/j.renene.2019.05.122

Tang, J., Wang, X.C,, Hu, Y., Zhang, Y., Li, Y.: Effect of pH on lactic acid production from
acidogenic fermentation of food waste with different types of inocula. Bioresour
Technol. 224, 544-552 (2017). https://doi.org/10.1016/j.biortech.2016.11.111

Verrier, D., Roy, F., Albagnac, G.: Two-phase methanization of solid vegetable wastes.
Biological Wastes. 22, 163—177 (1987). https://doi.org/10.1016/0269-7483(87)90022-X

Bouallagui, H., Torrijos, M., Godon, J.J., Moletta, R., Ben Cheikh, R., Touhami, Y.,
Delgenes, J.P., Hamdi, M.: Two-phases anaerobic digestion of fruit and vegetable
wastes: bioreactors performance. Biochem Eng J. 21, 193-197 (2004).
https://doi.org/10.1016/j.bej.2004.05.001

Jo, Y., Kim, J., Hwang, K., Lee, C.: A comparative study of single- and two-phase
anaerobic digestion of food waste under uncontrolled pH conditions. Waste
Management. 78, 509—-520 (2018). https://doi.org/10.1016/j.wasman.2018.06.017

Li, K., Wang, K., Wang, J., Yuan, Q., Shi, C., Wu, J., Zuo, J.: Performance assessment and
metagenomic analysis of full-scale innovative two-stage anaerobic digestion biogas
plant for food wastes treatment. J Clean Prod. 264, 121646 (2020).
https://doi.org/10.1016/j.jclepro.2020.121646

Shi, X., Zuo, J., Li, B., Yu, H.: Two-stage anaerobic digestion of food waste coupled with
in situ ammonia recovery using gas membrane absorption: Performance and microbial
community. Bioresour Technol. 297, 122458 (2020).
https://doi.org/10.1016/j.biortech.2019.122458

Rincén, B., Sanchez, E., Raposo, F., Borja, R., Travieso, L., Martin, M.A., Martin, A.: Effect
of the organic loading rate on the performance of anaerobic acidogenic fermentation of
two-phase olive mill solid residue. Waste Management. 28, 870-877 (2008).
https://doi.org/10.1016/j.wasman.2007.02.030

Ishak, M.A.M., Ani, A.Y., Syed Ismail, S.N.A., Ali, M.L.M., Ahmad, R.: Conversion of
biomass to biofuels. In: Value-Chain of Biofuels. pp. 49—67. Elsevier (2022)

24



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Fan, Y.-X., Zhang, J.-Z., Zhang, Q., Ma, X.-Q., Liu, Z.-Y., Lu, M., Qiao, K., Li, F.-L.: Biofuel
and chemical production from carbon one industry flux gas by acetogenic bacteria.
Presented at the (2021)

Duong, T.H., Grolle, K., Nga, T.T.V., Zeeman, G., Temmink, H., van Eekert, M.: Protein
hydrolysis and fermentation under methanogenic and acidifying conditions. Biotechnol
Biofuels. 12, 254 (2019). https://doi.org/10.1186/s13068-019-1592-7

Wu, H., Gao, J., Yang, D., Zhou, Q., Liu, W.: Alkaline fermentation of primary sludge for
short-chain fatty acids accumulation and mechanism. Chemical Engineering Journal.
160, 1-7 (2010). https://doi.org/10.1016/j.cej.2010.02.012

Yan, B.H., Selvam, A., Wong, J.W.C.: Bio-hydrogen and methane production from two-
phase anaerobic digestion of food waste under the scheme of acidogenic off-gas reuse.
Bioresour Technol. 297, 122400 (2020).
https://doi.org/10.1016/j.biortech.2019.122400

Ucisik, A.S., Henze, M.: Biological hydrolysis and acidification of sludge under anaerobic
conditions: The effect of sludge type and origin on the production and composition of
volatile fatty acids¥. Water Res. 42, 3729-3738 (2008).
https://doi.org/10.1016/j.watres.2008.06.010

Qiu, S., Zhang, X., Xia, W., Li, Z., Wang, L., Chen, Z., Ge, S.: Effect of extreme pH
conditions on methanogenesis: Methanogen metabolism and community structure.
Science of The Total Environment. 877, 162702 (2023).
https://doi.org/10.1016/j.scitotenv.2023.162702

Xiao, K., Guo, C., Zhou, Y., Maspolim, Y., Ng, W.-J.: Acetic acid effects on methanogens
in the second stage of a two-stage anaerobic system. Chemosphere. 144, 1498-1504
(2016). https://doi.org/10.1016/j.chemosphere.2015.10.035

Xiao, K., Zhou, Y., Guo, C., Maspolim, Y., Ng, W.-J.: Dynamics of propionic acid
degradation in a two-phase anaerobic system. Chemosphere. 140, 47-53 (2015).
https://doi.org/10.1016/j.chemosphere.2014.09.004

Thakur, H., Ira, R., Verma, N.K., Sharma, V., Kumar, S., Dhar, A., Prakash, T., Powar, S.:
Anaerobic co-digestion of food waste, bio-flocculated sewage sludge, and cow dung in
CSTR using E(C2)Tx synthetic consortia. Environ Technol Innov. 32, 103263 (2023).
https://doi.org/10.1016/j.eti.2023.103263

Sosnowski, P., Klepacz-Smolka, A., Kaczorek, K., Ledakowicz, S.: Kinetic investigations of
methane co-fermentation of sewage sludge and organic fraction of municipal solid
wastes. Bioresour Technol. 99, 5731-5737 (2008).
https://doi.org/10.1016/j.biortech.2007.10.019

Leite, W.R.M., Gottardo, M., Pavan, P., Belli Filho, P., Bolzonella, D.: Performance and
energy aspects of single and two phase thermophilic anaerobic digestion of waste
activated sludge. Renew Energy. 86, 1324-1331 (2016).
https://doi.org/10.1016/j.renene.2015.09.069

Flor, A.P.C.P.: Comportamento de reactores anaerdbios tratando a frac¢do organica dos
residuos sélidos urbanos, http://hdl.handle.net/10773/4688, (2006)

25



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Metcalf, L., Eddy, H.P.: Wastewater engineering : treatment, disposal, and reuse.
McGraw-Hill, New York (2004)

Xiao, B., Qin, Y., Wu, J., Chen, H., Yu, P., Liu, J., Li, Y.-Y.: Comparison of single-stage and
two-stage thermophilic anaerobic digestion of food waste: Performance, energy
balance and reaction process. Energy Convers Manag. 156, 215-223 (2018).
https://doi.org/10.1016/j.enconman.2017.10.092

Wu, C,, Huang, Q., Yu, M., Ren, Y., Wang, Q., Sakai, K.: Effects of digestate recirculation
on a two-stage anaerobic digestion system, particularly focusing on metabolite
correlation analysis. Bioresour Technol. 251, 40—48 (2018).
https://doi.org/10.1016/j.biortech.2017.12.020

Zhang, C., Su, H., Baeyens, J., Tan, T.: Reviewing the anaerobic digestion of food waste
for biogas production. Renewable and Sustainable Energy Reviews. 38, 383—-392 (2014).
https://doi.org/10.1016/j.rser.2014.05.038

Parra-Orobio, B.A., Cruz-Bournazou, M.N., Torres-Lozada, P.: Single-Stage and Two-
Stage Anaerobic Digestion of Food Waste: Effect of the Organic Loading Rate on the
Methane Production and Volatile Fatty Acids. Water Air Soil Pollut. 232, 105 (2021).
https://doi.org/10.1007/s11270-021-05064-9

Khalid, A., Arshad, M., Anjum, M., Mahmood, T., Dawson, L.: The anaerobic digestion of
solid organic waste, (2011)

Sanchez, E., Herrmann, C., Maja, W., Borja, R.: Effect of organic loading rate on the
anaerobic digestion of swine waste with biochar addition. Environmental Science and
Pollution Research. 28, 38455—-38465 (2021). https://doi.org/10.1007/s11356-021-
13428-1

Arvin, A., Peyravi, M., Jahanshahi, M., Salmani, H.: Hydrodynamic evaluation of an
anaerobic baffled reactor for landfill leachate treatment. Desalination Water Treat. 57,
19596-19608 (2016). https://doi.org/10.1080/19443994.2015.1106347

Xing, W., Chen, X., Zuo, J., Wang, C., Lin, J., Wang, K.: A half-submerged integrated two-
phase anaerobic reactor for agricultural solid waste codigestion. Biochem Eng J. 88, 19—
25 (2014). https://doi.org/10.1016/j.bej.2014.03.016

Yenigiln, O., Demirel, B.: Ammonia inhibition in anaerobic digestion: A review. Process
Biochemistry. 48, 901-911 (2013). https://doi.org/10.1016/j.procbio.2013.04.012

Prochdazka, J., Dolejs, P., MacA, J., Dohdnyos, M.: Stability and inhibition of anaerobic
processes caused by insufficiency or excess of ammonia nitrogen. Appl Microbiol
Biotechnol. 93, 439-447 (2012). https://doi.org/10.1007/s00253-011-3625-4

Kerrn-Jespersen, J.P.; H.M.S.R.: Biological phosphorus release and uptake under
alternating anaerobic and anoxic conditions in a fixed-film reactor. Water Res. 28,
1253-1255 (1994). https://doi.org/10.1016/0043-1354(94)90215-1

Zhang, Y., Qiu, X., Luo, J., Li, H., How, S.W., Wu, D., He, J., Cheng, Z., Gao, Y., Lu, H.: A
review of the phosphorus removal of polyphosphate-accumulating organisms in natural
and engineered systems, (2024)

26



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Lin, H., Gan, J., Rajendran, A., Reis, C.E.R., Hu, B.: Phosphorus Removal and Recovery
from Digestate after Biogas Production. In: Biofuels - Status and Perspective. InTech
(2015)

Morse, G., Brett, S., Guy, J., Lester, J.: Review: Phosphorus removal and recovery
technologies. Sci Total Environ. 212, 69-81 (1998). https://doi.org/10.1016/50048-
9697(97)00332-X

Bunce, J.T., Ndam, E., Ofiteru, I.D., Moore, A., Graham, D.W.: A Review of Phosphorus
Removal Technologies and Their Applicability to Small-Scale Domestic Wastewater
Treatment Systems. Front Environ Sci. 6, (2018).
https://doi.org/10.3389/fenvs.2018.00008

Costa, R.H.R., Villafranca, B.M., Voltolini, C.A., Guimaraes, L.B., Hoffmann, H., Velho,
V.F., Mohedano, R.A.: Effectiveness of phosphorus removal in an SBR using co-
precipitation with ferric chloride, and its effects on microbial activity. Brazilian Journal
of Chemical Engineering. 36, 785—795 (2019). https://doi.org/10.1590/0104-
6632.20190362520180378

Melo, N., Santos, S.M., Gavazza, S.: Organic matter and nutrient removal in a combined
anaerobic—aerobic fixed-bed reactor treating digestate from anaerobic biodigester.
Canadian Journal of Civil Engineering. 49, 1295-1299 (2022).
https://doi.org/10.1139/cjce-2021-0469

Xiao, B., Qin, Y., Wu, J., Chen, H., Yu, P., Liu, J., Li, Y.-Y.: Comparison of single-stage and
two-stage thermophilic anaerobic digestion of food waste: Performance, energy
balance and reaction process. Energy Convers Manag. 156, 215-223 (2018).
https://doi.org/10.1016/j.enconman.2017.10.092

Silva, F.M.S., Mabhler, C.F., Oliveira, L.B., Bassin, J.P.: Hydrogen and methane production
in a two-stage anaerobic digestion system by co-digestion of food waste, sewage sludge
and glycerol. Waste Management. 76, 339-349 (2018).
https://doi.org/10.1016/j.wasman.2018.02.039

Cooney, M., Maynard N, Cannizzaro, C., Benemann, J.: Two-phase anaerobic digestion
for production of hydrogen—methane mixtures. Bioresour Technol. 98, 2641-2651
(2007). https://doi.org/10.1016/j.biortech.2006.09.054

Pasalari, H., Gholami, M., Rezaee, A, Esrafili, A., Farzadkia, M.: Perspectives on
microbial community in anaerobic digestion with emphasis on environmental
parameters: A systematic review. Chemosphere. 270, 128618 (2021).
https://doi.org/10.1016/j.chemosphere.2020.128618

Duan, N., Kougias, P.G., Campanaro, S., Treu, L., Angelidaki, I.: Evolution of the
microbial community structure in biogas reactors inoculated with seeds from different
origin. Science of The Total Environment. 773, 144981 (2021).
https://doi.org/10.1016/j.scitotenv.2021.144981

Kirkegaard, R.H., Mcllroy, S.J., Kristensen, J.M., Nierychlo, M., Karst, S.M., Dueholm,
M.S., Albertsen, M., Nielsen, P.H.: The impact of immigration on microbial community
composition in full-scale anaerobic digesters. Sci Rep. 7, 9343 (2017).
https://doi.org/10.1038/s41598-017-09303-0

27



84.

85.

86.

87.

Jiang, J., Wu, P., Sun, Y., Guo, Y., Song, B., Huang, Y., Xing, T., Li, L.: Comparison of
microbial communities during anaerobic digestion of kitchen waste: Effect of substrate
sources and temperatures. Bioresour Technol. 317, 124016 (2020).
https://doi.org/10.1016/j.biortech.2020.124016

Li, L., He, Q., Ma, Y., Wang, X., Peng, X.: A mesophilic anaerobic digester for treating
food waste: process stability and microbial community analysis using pyrosequencing.
Microb Cell Fact. 15, 65 (2016). https://doi.org/10.1186/s12934-016-0466-y

Liu, T., Sun, L., Miiller, B., Schniirer, A.: Importance of inoculum source and initial
community structure for biogas production from agricultural substrates. Bioresour
Technol. 245, 768-777 (2017). https://doi.org/10.1016/j.biortech.2017.08.213

Harirchi, S., Wainaina, S., Sar, T., Nojoumi, S.A., Parchami, M., Parchami, M., Varjani, S.,
Khanal, S.K., Wong, J., Awasthi, M.K., Taherzadeh, M.J.: Microbiological insights into
anaerobic digestion for biogas, hydrogen or volatile fatty acids (VFAs): a review.
Bioengineered. 13, 6521-6557 (2022).
https://doi.org/10.1080/21655979.2022.2035986

28



Statements & Declarations
Competing Interests: The authors declare no conflict of interest.

Data availability statements

Data will be made available on reasonable request.

29



