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Abstract: The European Union’s energy policy favors increasing the share of renewable energy
in total energy production. In this context, the co-digestion of various waste streams seems an
interesting option. This study aimed to determine the effect of selected pretreatment methods on
the efficiency and kinetics of the co-digestion process of poultry manure with sewage sludge and
organic waste. This research was carried out in four stages: (1) the selection of the third component
of the co-digestion mixture; (2) the determination of the most favorable inoculum-to-substrate ratio
for the co-digestion mixture; (3) the selection of the most favorable pretreatment parameters based on
changes in volatile fatty acids, ammonium nitrogen, extracellular polymers substances (EPS) and
non-purgeable organic carbon (NPOC); and (4) the evaluation of anaerobic co-digestion based on
the result of the BMP tests and kinetic studies. All the pretreatment methods increased the degree of
organic matter liquefaction as measured by the NPOC changes. Waste with a high fat content showed
the highest methane potential. The addition of grease trap sludge to feedstock increased methane
yield from 320 mL/g VSadd to 340 mL/g VSadd. An optimal inoculum-to-substrate ratio was 2. The
pretreatment methods, especially the thermochemical one with NaOH, increased the liquefaction of
organic matter and the methane yield, which increased from 340 mL/g VSadd to 501 mL/g VSadd

(trial with 4.5 g/L NaoH).

Keywords: poultry manure; sewage sludge; grease trap sludge; co-digestion; pretreatment

1. Introduction

One of the primary challenges currently confronting the energy sector is achieving
autonomy from diminishing reserves of fossil fuels. For this reason, a pivotal course of
action for the advancement of this industry involves shifting towards eco-friendly energy
systems with reduced emissions. New renewable energy sources are being sought to
pursue this objective, and existing solutions are being developed. Waste generated in
rural and urban areas seems to be a valuable raw material for energy production. Among
these resources are animal waste, sewage sludge, the organic fraction of municipal waste,
by-products from the food industry such as fat waste, whey, or brewery grain, and energy
crops like corn and forest biomass [1–3].

Poultry manure’s high organic matter content and highly biodegradable substances
make it a promising material for anaerobic digestion (AD). However, to address the high
nitrogen levels which could impede the AD process, it is crucial to modify the C/N ratio
for this waste [4,5] For this reason, various methods are used, e.g., dilution, so that the
feedstock sent to the digestion chambers contains about 3–6% total solids (TSs). This
approach helps mitigate ammonia inhibition issues but often results in an insufficient
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methane content in the produced biogas, thereby impacting the economic viability of the
process. Moreover, the large volume of waste to be processed resulting from dilution
makes this method economically unattractive [4]. An alternative strategy to improve biogas
production efficiency is adding co-substrates into the digestion broth [6,7]. Poultry manure
has been co-digested with a wide range of waste types, including lignocellulosic biomass [8],
kitchen waste [9], sugar mill press mud [10], wine vinasse [11], sewage sludge [12–14], water
hyacinth [15], sheep manure [16], etc. Co-digestion (AcD) not only boosts biogas output
but also facilitates the dilution of harmful substances, reduces the operational expenses,
and enhances the C/N balance, thereby increasing the appeal of this approach [17–19]. An
interesting option is their joint anaerobic digestion with sewage sludge [4]. Compared to
the AD of sewage sludge alone, after introducing poultry manure into the AD chambers,
an increase of up to 40% in the daily biogas production has been observed [20].

The simultaneous processing of many waste types and improving AD efficiency align
with the current European Union policy, supporting the increase in the share of renewable
energy in the overall energy balance. This strategic focus suggests that co-digestion may
play a more significant role in energy production in the future than the current dominant
mono-digestion practice. However, the production of biogas from diverse waste materials
might be constrained by factors such as the slow rate of biodegradation of the feedstock, the
low efficiency of the AD process, and the low methane production [21,22]. Implementing
pretreatment methods for feedstock (co-digestion mixture) appears promising in addressing
these challenges. Such a pretreatment, an additional stage carried out before the AD/AcD
process, makes it possible to increase the degree of liquefaction of the feedstock, improve
its biodegradation, and, consequently, improve the efficiency of AD/AcD [23–25].

The selection of appropriate pretreatment techniques is crucial. This decision should
be based on the substrate’s physical and chemical properties and address specific critical
requirements because pretreatment techniques have to meet certain criteria, including
leading to a reduced substrate size, enhancing porosity, and increasing the feedstock’s
degradability and solubility. Additionally, eliminating inhibitory by-products (which may
be produced following conditioning) and a low energy input are essential to ensure the
method’s cost-effectiveness [23]. Pretreatment methods can generally be categorized into
three main groups: physical, chemical, and biological pretreatments. Sometimes, at least
two pretreatment methods may be employed simultaneously to enhance the degradability
of waste materials and eliminate toxic compounds [25,26]. Opinions on the effectiveness of
combining AcD and pretreatments are divided. For this reason, further research focusing
on integrating these two processes is required, as it allows for a better understanding of
the interactions between the properties of substrates and determining their impact on the
kinetics and efficiency of the process.

In this context, this research aimed to (1) select the third component of the co-digestion
mixture (together with sewage sludge and poultry manure), (2) determine the most favor-
able inoculum-to-substrate ratio for the co-digestion mixture, and (3) determine the impact
of the selected pretreatment methods on the efficiency and kinetics of the co-digestion
process of sewage sludge and organic waste.

The novelty of this research is the selection of local co-substrates and the determination
of the impact of pretreatment on the efficiency of the process. Of all types of manure, poultry
manure is the least described in terms of the possibility of recovering methane from it.
Most often, these publications concern its co-digestion with other waste generated on
the farm. Taking into account the recent legislative changes (revision of the wastewater
treatment directive), which provide for the energy self-sufficiency of wastewater treatment
plants (WWTPs), we decided to determine the impact of poultry manure on the anaerobic
digestion of sewage sludge. In order to further improve the profitability of the solution, the
selection of the third component of the co-digestion mixture was made. To the best of our
knowledge, no one has so far investigated the potential for the joint AD of sewage sludge
with poultry manure and another organic waste type. In our research, we focused on the
selection of the third component among local waste types, which could further direct their
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generators to manage these products in a sustainable and, at the same time, economical
way. The added value of this work is its focus on changes in the EPS structure that are not
often found in the literature in the context of co-digestion processes.

2. Materials and Methods
2.1. Raw Materials

The substrate in the research was the following:

• The co-digestion mixture consisted of poultry manure and a mixture of primary
and excess sludge. Sewage sludge (Ss) was collected from a municipal wastewater
treatment plant located in the Silesian Voivodeship, while poultry manure (PM) was
sourced from a laying poultry farm in the Silesia region of Poland. The manure was
homogenized before the preparation of the co-digestion mixture, and the share of PM
in the co-digestion mixture was 40% based on volatile solids (VSs);

• Inoculum—digested sludge collected from heat exchangers at a municipal wastewater
treatment plant located in the Silesian Voivodeship (I). The WWTP produces annually
approx. 3200 Mg dry mass of sewage sludge and treats about 90,000 m3/d of wastewa-
ter. In the mentioned WWTP, a mixture of waste-activated sludge and primary sludge
was digested under mesophilic conditions, and the HRT of AD was equal to 30 d;

• Selected organic waste listed in Table 1.

Table 1. Place of collection of organic waste considered as the third component of the co-digestion
mixture.

Substrate Collection Site

By-product of the refining of vegetable fats (waste soap—WS) Refining technological line
Fats contained in wastewater from the production of dairy products—flotation-thickened sludge (F) Grease trap sludge

Grease trap sludge from meat-processing plant (GTS) Grease trap sludge
Fruit waste (cherry processing period) (FW) Waste storage yard

The characteristics of the substrates are shown in Table 2.

Table 2. Characteristics of raw materials.

Substrate
TS (%) VS (% TS) VS (%) VS/TS pH (−)

Average SD Average SD Average − Average SD

F 11.38 0.12 77.22 0.11 8.79 0.77 6.18 0.01
GTS 14.62 0.02 89.05 0.56 13.02 0.89 5.44 0.01
WS 17.01 0.10 91.85 0.06 15.63 0.92 6.02 0.01
FW 12.87 0.07 87.88 0.29 11.31 0.88 4.21 0.01
PM 27.44 0.24 73.58 0.81 20.19 0.74 5.41 0.01
Ss 3.21–3.43 77.77–80.67 2.59–2.66 0.77–0.81 5.69–5.81
I 2.46–2.47 62.85–63.32 1.55–1.56 0.62–0.63 8.47–8.51

2.2. Experimental Procedure

This research was carried out in the following stages (Figure 1):
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1. Selecting, based on the results of the biomethane potential (BMP) tests, the third
component of the co-digestion mixture (the methane potential of the waste itself
was assessed, and then, for the selected waste, their joint anaerobic co-digestion
with sewage sludge and poultry manure was carried out); based on our previously
conducted research, it was assumed that the third component would constitute 30%
of the co-digestion mixture based on the VS [27–29];

2. Determination of the most favorable inoculum-to-substrate ratio (I/S) for the co-
digestion mixture. This research determined the impact of I/S ratios of 0.5, 1.0, 1.5,
and 2 on the methane yield factor;

3. Selection of the most favorable parameters for the pretreatment of the feedstock
based on changes in volatile fatty acids (VFAs), ammonium nitrogen, TS, VS, and
non-purgeable organic carbon (NPOC), as well as the content of extracellular poly-
mers substances (EPS) in individual fractions broken down by their concentration
of carbohydrates, ammonium nitrogen, protein, and NPOC. The three-component
co-digestion mixture and sewage sludge were treated with the following pretreat-
ment methods (Figure 1): (a) the thermochemical method—thermal method us-
ing various doses of NaOH [g/L], temperature 121 ◦C, conditioning time 30 min
(NaOH); (b) thermochemical method—thermal method using various doses of metal-
lic iron, [g/L], temperature 121 ◦C, conditioning time 30 min (Fe); and (c) the thermal
method—temperature 121 ◦C, conditioning time 30 min (A);

4. Determining the impact of the pretreatment methods of the feedstock (three-component
co-digestion mixture) selected in stage 3 on the effectiveness of the anaerobic co-
digestion process measured by the methane yield, the VS removal, and the kinetic
parameter.

Anaerobic digestion (BMP tests) was carried out using the AMPTS II (Automatic
Methane Potential Test System) from Bioprocess control. The AMPTS II device consists
of three units connected. The first unit (unit A) consists of a water bath and a set of
15 bioreactors whose contents are mixed using mechanical mixers. In the second unit (unit
B) (Duran bottles filled with sodium hydroxide), acidic biogas components such as CO2
and H2S are adsorbed. Adding thymolphthalein as a pH indicator to each of the vessels
enables a simple, optical assessment of the ability of the NaOH solution to bind CO2. Only
methane flows through this unit and goes to the third unit (unit C) of the gas quantity
measurement system.

BMP assays were performed in triplicate for each substrate–inoculum combination.
The process was monitored daily for 21 days and carried out in mesophilic conditions
(37 ◦C). The collected data were the basis for estimating the kinetic parameters. The
mentioned parameters were determined using the models listed in Table 3.

Table 3. Kinetic models.

Model Equal

Modified Gompertz equation (MG) y = P × exp
{
−exp

[
Rm×e

P × (λ − 1) + 1
]}

Logistic function model (LF) y = P
1+exp

(
4Rm×(λ−t)

P +2
)

Transference function (TF) y = P ×
(

1 − exp
(
− Rm×(λ−1)

P

))
y—the cumulative of specific methane production, mL CH4/g VS. P—potential methane production, mL CH4/g
VS. Rm—maximum rate of methane production, mL CH4/(g VS d). t—measured time, d. λ—lag time phase.d,
and, e—base of the natural logarithms, namely, 2.718282.

In turn, sample pretreatment was carried out using the ELMI ESS 207 industrial
autoclave.
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2.3. Physicochemical and Physical Analyses

During this study the following analyses were carried out: (a) volatile fatty acids
(VFAs) by indirect distillation with steam, with a Büchi K-355 distiller in accordance
with [30]; (b) ammonium nitrogen (N-NH4

+) by the distillation method, in accordance
with the APHA [30], and, in the case of the EPS fraction, spectrophotometrically, using the
phenol-hypochlorite method described in Schillak [31]; (c) non-removable organic carbon
(NPOC), determined after dry combustion using the Multi N/C H1300 carbon and nitro-
gen analyzer from Analytykjena; (d) total solids and volatile solids, residue after ignition,
losses on ignition, dry organic matter, by the weight method, in accordance with [30];
(e) pH, via the potentiometric method in accordance with [30]; (f) extracellular polymers
substances (EPS), for which individual fractions were extracted according to the method-
ology described by Yang et al. [32]; (g) carbohydrates, measured spectrophotometrically
according to the procedure described by Nielsen [33]; and (h) proteins, via the Bradford
method according to the Thermo Scientific™ procedure, using the Coomassie (Bradford)
Protein Assay Kit number 23200. Equations (1)–(3) show how the VS and TS contents were
calculated.

%TS =
(A − B) × 100

C − B
(1)

VS (%TS) =
(A − D) × 100

A − B
(2)

%VS = %TS × VS × %TS (3)

A—weight of dried residue + dish, g
B—weight of dish, g
C—weight of wet sample + dish, g
D—weight of residue + dish after ignition, g

Additionally, to determine whether there was a synergistic effect between the compo-
nents of the mixture, the co-digestion performance index (CPI) often used in AcD studies
was estimated according to the formula presented in Ebner et al. [34].

2.4. Statistical Analyses

The results were treated for statistical analysis. For this purpose, a one-way analysis of
variance was used. For data for which significant statistical differences were found, further
tests were performed, namely post hoc, more precisely Tukey’s test. The analyzes were
performed in the Statistica 10 software by Statistica.

3. Results and Discussion
3.1. Selection of the Third Component of the Co-Digestion Mixture

Among the organic waste types tested as part of this research, the highest methane
yield was observed in waste with a high fat content, for which this parameter ranged from
630 to 750 mL/g VSadd (Table 4). Therefore, this type of waste was within the typical range
indicated in the literature (430–990 mL/g VSadd) (Table 5). The methane yield in the case of
the other tested waste types was much lower and most often below 300 mL/g VSadd. An
exception to this rule was noted only for sewage sludge and a two-component co-digestion
mixture consisting of poultry manure and sewage sludge. Similarly to waste with a high fat
content, the obtained methane yield did not differ from the values reported in the literature
(Table 5).

The BMP tests in the next phase for the three-component co-digestion mixture con-
firmed the assumption that the highest methane production was achieved for waste with a
high fat content. Based on the results obtained, it was decided to conduct further research
using a co-digestion mixture consisting of poultry manure, sewage sludge, and grease trap
sludge from meat-processing plants (Table 6). Due to its highest cumulative production of
methane, GTS was selected for further research as the third co-substrate of the co-digestion
mixture.
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Table 4. Methane yield (YM) of the tested organic waste.

Feedstock YM
(mL/g VSadd) SD

By-product of the refining of vegetable fats (waste soap—WS) 630 50
Fats contained in wastewater from the production of dairy

products—flotation-thickened sludge (F) 750 70

Grease trap sludge from meat-processing plant (GTS) 740 60
Fruit waste (cherry processing period) (FW) 250 30

Poultry manure (PM) 270 20
Sewage sludge (Ss) 307 40

Ss + PM 320 30

Table 5. Summary of the methane yield for selected group waste [27,35].

Feedstock YM
(mL/g VS)

Sewage sludge 143–460
Fruit and vegetable waste 420

Fruit waste 180–732
Fats from flotation 600–700
Grease trap sludge 700 (1000)

Waste from grease trap sludge 845–928
Poultry manure 150–410

Table 6. Cumulative methane production for a three-component co-digestion mixture.

Feedstock Cumulative Methane Production (mL) SD

Ss + PM + F 1061.8 7.933
Ss + PM + GTS 1297.4 31.8
Ss + PM + WS 1110.27 28.5
Ss + PM + FW 696.7 4.8

3.2. Determination of the Inoculum-to-Substrate Ratio (ISR, I/S)

One of the most important parameters in batch tests, but often ignored in the research,
is the proportion of inoculum to substrate. In the literature, this ratio is often marked as ISR
or I/S (inoculum-to-substrate ratio), and sometimes an inverse relationship is given. Then,
it is described with the symbol S/X (waste-to-inoculum ratio) or SIR (substrate-to-inoculum
ratio). The I/S ratio may be expressed in terms of TS, VS, or chemical oxygen demand,
and the second method is most often used for the above. The influence of the discussed
ratio on the BMP test result is unclear. Theoretically, it should not affect the value of the
methane/biogas yield but only the kinetics of the process, including the length of the lag
phase (it shortens as the I/S value increases) [36–38]. Numerous literature reports, however,
demonstrate the significance of the I/S ratio in preventing the process inhibition caused by
the accumulation of inhibitors like VFAs, while also impacting the efficacy of the anaerobic
digestion process [39]. Each substrate has an optimal characteristic value of the I/S ratio,
and its value is a specific compromise between the endogenous production of inoculum
biogas, the acceptable lag phase length, and the buffer capacity. For instance, Agrawal
et al. [40] recorded the highest biogas production at an I/S of 0.3. Above the indicated value,
they observed a decrease in biogas production, which they associated with the imbalance
of nutrients in the feedstock (fruit and vegetable waste). In turn, Al-Iraqi et al. [39], for a
feedstock composed of simulated food waste and common reeds, recommend an I/S ratio
of 1. Other studies have shown that, for easily biodegradable substrates like household
waste, I/S ratios ranging from 5 to 15 are suitable for batch assays without volatile fatty
acid accumulation [41]. Meanwhile, in Elsayed et al. [42], the highest methane yield was
noted at an I/S ratio of 3 during the anaerobic co-digestion of sludge, straw, and buckwheat
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husk. Most often, the value of the I/S quotient given in the literature ranges from 1 to
4 [43]. Therefore, this research determined the impact of the following I/S ratios on the
co-digestion of poultry manure, sewage sludge, and selected organic waste: 0.5, 1.0, 1.5,
and 2 (Table 7).

Table 7. The influence of I/S on the methane yield of a mixture of poultry manure and sewage sludge.

I/S Cumulative Methane Production (mL) SD YM
(l/kg VS) SD

0.5 2137.57 9.15 372.05 1.34
1.0 1356.93 19.98 370.51 4.57
1.5 1028.57 14.15 380.43 4.41
2.0 826.77 6.35 385.50 2.50

A one-way ANOVA showed statistically significant differences between the obtained
methane production coefficients and the I/S ratio (F = 12.44, p = 0.002) (Table 8). Based on
these results, it was decided to carry out further research for an I/S of 2.0.

Table 8. Post hoc test results.

I/S YM
(l/kg VS) a b c

I/S_1.0 372.05 ****
I/S_0.5 370.51 **** ****
I/S_1.5 380.43 **** ****
I/S_2.0 385.50 ****

****—average values included in the same statistical group.

3.3. Selection of Pretreatment Conditions

In accordance with “Regulation (EC) No. 1774/2002 of the European Parliament and
of the Council of 3 October 2002 laying down health rules concerning animal by-products
not intended for human consumption” [44], animal manure is classified in the second
category. For this reason, sterilization was used to pretreat the feedstock in this study.
Additionally, the thermal method was combined with a chemical pretreatment to examine
how the addition of iron or sodium hydroxide would affect the efficiency of the process.

The use of an alkaline pretreatment involves the application of chemicals that are
mostly environmentally friendly and not prone to causing corrosion, such as different forms
of ammonia (aqueous, liquid, and gaseous), sodium hydroxide, sodium carbonate, and
calcium hydroxide (commonly known as lime). Compared to acid pretreatment, alkaline
pretreatment can be conducted under less-severe conditions, making it a more feasible
option for many applications [45]. In this study, sodium hydroxide was used for this
purpose, with a dose not exceeding the inhibitory level reported in the literature [46]. In
turn, iron’s impact on anaerobic digestion (AD) can be significant because it acts as a cofactor
for enzymes involved in various metabolic pathways and serves as a catalyst for certain
reactions (e.g., stimulation of direct interspecies electron transfer). Furthermore, iron is a
crucial micronutrient for many microbial species, and its availability can affect their growth
rates and metabolic activities and create a more favorable environment for them by reducing
the ORP level. The source of iron in studies on its influence on AD included, among others,
iron(III) chloride, nZVI (nano-zero-valent iron), iron(III) hydroxide, amorphous ferric,
oxyhydroxide, ferrihydrite, lepidocrocite, hematite, magnetite, and akaganeite [47,48].

Regardless of the pretreatment method used, there was no significant increase in
the concentration of volatile fatty acids in the supernatant. The highest VFA content
was recorded in the pre-conditioned sample using the thermochemical method with the
lowest dose of sodium hydroxide. However, it was less than eight percent higher than the
untreated mixture. Increasing the base dose gradually decreased the indicator concentration
(Figure 2a, Supplementary Materials, Table S1).
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Figure 2. The influence of the pretreatment methods on selected indicators: (a) VFAs; (b) N-NH4
+;

(c) NPOC; (d) pH; (e) TS; and (f) VS. Ss—untreated sewage sludge; Ss-A—sewage sludge treated
with a thermal method; M—untreated co-digestion mixture of sewage sludge, poultry manure, and
grease trap sludge (control sample); M-A—co-digestion mixture treated with the thermal method;
Fe3, Fe3.5, Fe4, Fe4.5, and Fe5—co-digestion mixture treated with the thermochemical methods with
iron addition, where the digit is the amount of iron used in the study, i.e., respectively, 3, 3.5, 4, 4.5,
and 5 g/L; Na0.35, Na0.9, Na1.8, Na2.7, Na3.6, Na4.5, and Na5.4—co-digestion mixture treated with
the thermochemical methods with NaOH addition, where the digit is the amount of NaOH used in
the study, i.e., respectively, 0.35, 0.9, 1.8, 2.7, 3.6, 4.5, and 5.4 g/L.
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A one-way ANOVA showed statistically significant differences between the ammo-
nium nitrogen content in the samples (Figure 2b, Table S2). The highest ammonium
nitrogen content was noted in the thermochemically conditioned sample 1, specifically in
the mixture in which NaOH had been dosed at 5.4 g/L. The concentration of ammonium
nitrogen was 1355.2 mg/L. Compared to the control sample, it was 196 mg/L higher and
eight times higher than that observed in unconditioned and pretreated sewage sludge. The
ammonium nitrogen content was 154 and 176.4 mg/L, respectively (Table S2). Dosing iron
into the mixture resulted in a lower concentration of ammonium nitrogen in the overlying
liquid compared to the control sample. A similar trend was noted in the research by Yang
et al. [32], who hypothesized that iron could effectively inhibit the transformation of organic
nitrogen into ammonium nitrogen.

Pretreatment of the co-digestion mixture positively affected the degree of liquefaction
of organic matter measured by changes in the non-removable organic carbon (NPOC).
However, the iron dose did not statistically affect the NPOC changes (Table S3, Figure 2c).
The opposite trend was observed for the first of the tested thermochemical methods.
Moreover, the NPOC concentration increased with the increase in the NaOH dose. For
the highest dose of NaOH, the NPOC content was 2.4 times higher than for the control
sample (increase from 5.55 to 13.14 mg/L). The lowest NPOC value was obtained for
sewage sludge only (1.02 g/L), and it was slightly higher for conditioned sewage sludge
(1.90 g/L). A much more significant increase in the decomposition and liquefaction of
organic matter is reported in the literature. For instance, Liu and others [49] reported
an almost six-fold increase in SCOD after the alkaline pretreatment of polyacrylamide
flocculant waste-activated sludge. In turn, they noted a 7-fold increase for the thermal
method, and the combination of both approaches resulted, in their study, in an almost
12-fold increase in SCOD.

Because one of its components was poultry manure, the co-digestion mixture had a
much higher pH than the sewage sludge. According to what had been expected, introduc-
ing hydroxide into the mixture increased the pH. The pH increased with the hydroxide
dosed into the co-digestion mixture (Figure 2d, Table S4). The dose of iron did not sig-
nificantly impact the changes in the described indicator. For all the tested doses, the pH
of the mixture after pretreatment was lower than that of the control sample (<6.89). This
observation is inconsistent with the data presented in the work by Yang et al. [32]. The
research substrate in the mentioned publication was sludge from an industrial sewage
treatment plant located at a coking plant. The authors attributed the pH decrease to iron
precipitation during the reaction with OH- ions.

The pretreatment method influenced changes in the TS of the samples. A reduction
in TS was observed for the thermochemical method with NaOH above a dose of 1.8 g/L.
A similar trend was observed for samples with the addition of iron, regardless of its dose
(Figure 2e, Table S5). The reduction in TS could probably be caused by the release of
VFAs that had been oven drying during indicator measurement [50]. In turn, in the case of
thermochemical method 2 (addition of iron), it could be identified by dosing metallic iron in
powder. The changes in TS were reflected in the content of VS. Only for the thermochemical
test with the addition of sodium hydroxide at the level of 3.5 g/L was the value of the
indicator higher than for the control sample (untreated co-digestion mixture) (Figure 2f,
Table S6). Rahman et al. [51] also observed an increase in ash content with a simultaneous
decrease in VS during the co-digestion of poultry droppings and briquette wheat straw at
mesophilic and thermophilic conditions.

Extracellular polymeric substances (EPS) are essential in the matrix of sludge and
other organic wastes. EPS are complex mixtures of high-molecular-weight compounds
secreted by microorganisms, playing a pivotal role in bioaggregation and in the formation
of biofilms. Understanding and manipulating EPS within pretreatment processes can
significantly impact the hydrolysis step of anaerobic digestion, the solubilization of organic
matter and the accessibility of substrates to microbial action. Sewage sludge forms a
flocculent structure because bacterial micelles are grouped into the given structure due
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to the secretion of extracellular polymers substances (EPS) into the environment. In the
existing literature, three fractions are distinguished in the structure of extracellular polymers
substances: soluble EPS (S-EPS or SB-EPS), loosely bound EPS (LB-EPS) and tightly bound
EPS (TB-EPS) (Figure S1). In this context, how the composition of the mentioned fractions
changed depending on the conditioning method was discussed [52–54]. As part of this
work, the concentration of ammonium nitrogen, NPOC, protein, and carbohydrate content
was examined in individual fractions (Figures 3–6, Tables S7–S26).

Tukey’s test, carried out as part of this research, showed statistically significant differ-
ences in the concentration of NPOC (p < 0.05) in the extracellular polymers. Moreover, it
proved that the pretreatment method significantly impacted the distribution of NPOC in
individual EPS fractions (Tables S12–S16, Figure 3). This observation is consistent with the
literature reports [55]. For all the tested methods for the first two fractions (EPS-S, EPS-LB),
a significant increase in the NPOC concentration was noted compared to the control sample
(Tables S13 and S14). Meanwhile, for the fraction of tightly bound EPS (EPS-TB), the trend
for NPOC was utterly different. The NPOC concentration was lower than for the control
sample for all the samples (Table S15). The highest degree of liquefaction of organic matter
measured by NPOC changes was recorded for the thermochemical method, precisely the
Na5.4 sample, i.e., with the addition of 5.4 g NaOH/L (Figure 3).
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Figure 3. The influence of the pretreatment methods on the composition of the EPS measurement of
changes in the NPOC concentration. SB-EPS—soluble EPS; LB-EPS—loosely bound EPS; TB-EPS—
tightly bound EPS; Ss—untreated sewage sludge; Ss-A—sewage sludge treated with the thermal
method; M—untreated co-digestion mixture of sewage sludge, poultry manure, and grease trap
sludge (control sample); M-A—co-digestion mixture treated with the thermal method; Fe3 Fe3.5,
Fe4, Fe4.5, and Fe5—co-digestion mixture treated with the thermochemical methods with iron
addition, where the digit is the amount of iron used in the study, i.e., respectively, 3, 3.5, 4, 4.5, and
5 g/L; Na0.35, Na0.9, Na1.8, Na2.7, Na3.6, Na4.5, and Na5.4—co-digestion mixture treated with the
thermochemical methods with NaOH addition, where the digit is the amount of NaOH used in the
study, i.e., respectively, 0.35, 0.9, 1.8, 2.7, 3.6, 4.5, and 5.4 g/L.
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Figure 4. The influence of the pretreatment methods on the composition of the EPS measurement of
changes in the N-NH4

+ concentration. SB-EPS—soluble EPS; LB-EPS—loosely bound EPS; TB-EPS—
tightly bound EPS; Ss—untreated sewage sludge; Ss-A—sewage sludge treated with the thermal
method; M—untreated co-digestion mixture of sewage sludge, poultry manure, and grease trap
sludge (control sample); M-A—co-digestion mixture treated with the thermal method; Fe3, Fe3.5,
Fe4, Fe4.5, and Fe5—co-digestion mixture treated with the thermochemical methods with iron
addition, where the digit is the amount of iron used in the study, i.e., respectively, 3, 3.5, 4, 4.5, and
5 g/L; Na0.35, Na0.9, Na1.8, Na2.7, Na3.6, Na4.5, and Na5.4—co-digestion mixture treated with the
thermochemical methods with NaOH addition, where the digit is the amount of NaOH used in the
study, i.e., respectively, 0.35, 0.9, 1.8, 2.7, 3.6, 4.5, and 5.4 g/L.

A one-way analysis of variance showed that the pretreatment method affected the am-
monium nitrogen content in individual fractions of extracellular polymers (Tables S8–S11,
Figure 4). EPS’s highest ammonium nitrogen concentration was recorded for the control
sample (Figure 4, Table S11). In turn, the most significant reduction in the total ammonium
nitrogen content in EPS compared to the control was recorded for the thermochemical
method, when the NaOH dose ranged from 2.7 to 5.4 g/L. Only for tightly EPS (TB-EPS),
in two samples, there was an increase in the nitrogen concentration recorded compared to
the control sample. These were the Na0.9 and Fe3 samples (Table S10).

Tukey’s test showed that the pretreatment method had a statistically significant
impact on the changes in the carbohydrate concentration in individual EPS fractions
(Tables S16–S21, Figure 5). For all the samples treated with the conditioning agent, it was
noted that the total carbohydrate content in the fractions was higher than in the control
sample (Table S21, Figure 4). However, in relation to the iron, the dose of the chemical
reagent did not affect the concentration of the mentioned indicator. It was also noted
that, in regard to the carbohydrates determined in the EPS-S and EPS-LB fractions, the
indicator values for all the conditioned samples were higher than for the control sample.
The opposite trend was observed for the carbohydrates determined in the EPS-TB fraction.
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of changes in the carbohydrate concentration. SB-EPS—soluble EPS; LB-EPS—loosely bound EPS;
TB-EPS—tightly bound EPS; Ss—untreated sewage sludge; Ss-A—sewage sludge treated with the
thermal method; M—untreated co-digestion mixture of sewage sludge, poultry manure, and grease
trap sludge (control sample); M-A—co-digestion mixture treated with the thermal method; Fe3,
Fe3.5, Fe4, Fe4.5, and Fe5—co-digestion mixture treated with the thermochemical methods with iron
addition, where the digit is the amount of iron used in the study, i.e., respectively, 3, 3.5, 4, 4.5, and
5 g/L; Na0.35, Na0.9, Na1.8, Na2.7, Na3.6, Na4.5, and Na5.4—co-digestion mixture treated with the
thermochemical methods with NaOH addition, where the digit is the amount of NaOH used in the
study, i.e., respectively, 0.35, 0.9, 1.8, 2.7, 3.6, 4.5, and 5.4 g/L.
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changes in the protein concentration. SB-EPS—soluble EPS; LB-EPS—loosely bound EPS; TB-EPS—
tightly bound EPS; Ss—untreated sewage sludge; Ss-A—sewage sludge treated with the thermal
method; M—untreated co-digestion mixture of sewage sludge, poultry manure, and grease trap sludge
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(control sample); M-A—co-digestion mixture treated with the thermal method; Fe3, Fe3.5, Fe4, Fe4.5,
and Fe5—co-digestion mixture treated with the thermochemical methods with iron addition, where
the digit is the amount of iron used in the study, i.e., respectively, 3, 3.5, 4, 4.5, and 5 g/L; Na0.35,
Na0.9, Na1.8, Na2.7, Na3.6, Na4.5, and Na5.4—co-digestion mixture treated with the thermochemical
methods with NaOH addition, where the digit is the amount of NaOH used in the study, i.e.,
respectively, 0.35, 0.9, 1.8, 2.7, 3.6, 4.5, and 5.4 g/L.

As in the case of the other components, Tukey’s test showed for the proteins that the
pretreatment method affected the distribution of the indicator in individual fractions of
extracellular polymers (Tables S22–S26). The highest protein concentrations were deter-
mined in the first fraction (Figure 6). Small fluctuations in the total protein content were
observed for dosed iron samples. In turn, for thermochemical method 2, an increase in the
indicator concentration was observed with an increase in the NaOH dose. Compared to
the control sample (Figure 6 and Table S26), only in mixtures to which at least 3.6 g/L of
NaOH had been added, an increase in the total protein content was determined in the three
EPS fractions.

3.4. Methane Production and VS Removal

Based on the results of series 3, several conditions for the pretreatment process were
selected for further research. Their impact on biogas production and VS removal is shown
in Figures 7 and 8. For the untreated co-digestion mixture, the methane yield was 340 mL/g
VS. After the thermal pretreatment, an increase in the methane yield of 29% was recorded.
Meanwhile, for the mixture treated with the thermochemical method with the application
of sodium hydroxide to the feedstock, an increase to 501 mL/g VS was recorded; thus,
it was 47% higher than that of the control sample (Figure 7). The method used did not
statistically significantly affect VS removal (F = 0.076; p = 0.99) (Figure 8). The higher
methane yields in the pretreatment samples could be associated with changes in the
EPS structure. This phenomenon was particularly well observed in the liquefaction of
organic matter measured by NPOC. This indicator increased significantly compared to the
unconditioned co-digestion mixture. Furthermore, a significant decrease in its concentration
in tightly bound EPS was observed in favor of an increase in the remaining fractions
weakly bound to the cells. The higher methane yield for the samples conditioned with
sodium hydroxide may have been related to an increased protein concentration in all
the EPS fractions (Table 9). It has been estimated that 1 g of carbohydrates and proteins
could theoretically obtain 830 mL (CH4 of 50%) and 921 mL (CH4 of 68.8%) of biogas.
Saponification plays a crucial role in anaerobic digestion by increasing organic waste’s
solubility in the presence of a high lipid content, namely, the fraction with the highest
methane potential (1425 mL/g, CH4 of 69.5%) [56]. Moreover, saponification pretreatment
with alkali reactants significantly increases the rates of hydrolysis, acidogenesis, and
methanogenesis, ultimately improving the overall efficiency of the process [57,58].

For all the pretreatment co-digestion mixtures, co-digestion performance index (CPI)
values higher than 1 were recorded (1.04 to 1.19). This clearly indicated the synergistic
effect of AcD and the pretreatment methods used.

Due to the fact that no one had so far tested the possibility of improving methane
production from poultry manure using a hybrid solution combining anaerobic co-digestion
with a pretreatment, there were no direct data to which the obtained results can be com-
pared. Therefore, the effectiveness of the process was compared with the pretreatment of
poultry manure itself, its co-digestion with other waste streams, or data on the possibility
of using hybrid solutions (Table 10). Generally, a much higher efficiency of methane pro-
duction for poultry manure was achieved if it was digested with other waste than if it had
been conditioned. Often, combining several unit operations in a hybrid system significantly
improved process efficiency, although this was strongly dependent on the composition of
the co-digestion mixture.
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Figure 7. The influence of the selected pretreatment methods on the methane yield. M—untreated
co-digestion mixture of sewage sludge, poultry manure, and grease trap sludge (control sample);
M-A—co-digestion mixture treated with the thermal method; Na0.9, Na3.6, Na4.5, and Na5.4—co-
digestion mixture treated with the thermochemical methods with NaOH addition, where the digit
is the amount of NaOH used in the study, i.e., respectively, 0.9, 3.6, 4.5, and 5.4 g/L; and Fe3—co-
digestion mixture treated with the thermochemical method with an iron addition of 3 g/L. Results
obtained with an I/S ratio equal to 2.
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Figure 8. Impact of the pretreatment method on VS removal. M—untreated co-digestion mixture of
sewage sludge, poultry manure, and grease trap sludge (control sample); M-A—co-digestion mixture
treated with the thermal method; Na0.9, Na3.6, Na4.5, and Na5.4—co-digestion mixture treated with
the thermochemical methods with NaOH addition, where the digit is the amount of NaOH used in
the study, i.e., respectively, 0.9, 3.6, 4.5, and 5.4 g/L; and Fe3—co-digestion mixture treated with the
thermochemical method with an iron addition of 3 g/L. Results obtained with an I/S ratio equal to 2.
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Table 9. The influence of the pretreatment methods on the feedstock compared to the untreated
co-digestion mixture.

Indicator Sample

M-A Na-0.9 Na-3.6 Na-4.5 Na-5.4 Fe-3.0

VFAs ↓ ↑ ↓ ↓ ↓ ↓
N-NH4

+ ↓ ↑ ↓ ↓ ↓ ↓
NPOC ↑ ↑ ↑ ↑ ↑ ↑

N-NH4
+

SB-EPS ↓ ↓ ↓ ↓ ↓ ↓
LB-EPS ↓ ↓ ↓ ↓ ↓ ↓
TB-EPS ↓ ↑ - ↓ ↓ ↑

Sum ↓ ↓ ↓ ↓ ↓ ↓

NPOC

SB-EPS ↑ ↑ ↑ ↑ ↑ ↑
LB-EPS ↑ ↑ ↑ ↑ ↑ ↑
TB-EPS ↓ ↓ ↓ ↓ ↓ ↓

Sum ↑ ↑ ↑ ↑ ↑ ↑

carbohydrate

SB-EPS ↓ ↓ ↓ ↓ ↓ ↓
LB-EPS ↑ ↑ ↑ ↑ ↑ ↑
TB-EPS ↓ ↓ ↓ ↓ ↓ ↓

Sum ↑ ↑ ↑ ↑ ↑ ↑

Protein

SB-EPS ↓ ↓ ↑ ↑ ↑ ↓
LB-EPS ↑ ↓ ↑ ↑ ↑ ↓
TB-EPS ↑ ↑ ↑ ↑ ↑ ↑

Sum ↓ ↓ ↑ ↑ ↑ ↓
SB-EPS—soluble EPS; LB-EPS—loosely bound EPS; TB-EPS—tightly bound EPS; ↓—lower than the control sample;
and ↑—higher than the control sample.

Table 10. The impact of various strategies on methane production from poultry manure (pretreatment
and/or in a mixture with various types of organic waste).

Feedstock Pretreatment AD Conditions Remarks Reference

Chicken manure

Extraction (by shaking) of
chicken manure with water
in the amount of 5 g fresh

weight of manure per
100 mL of deionized water.

Batch assay, 2 L
reactor, 38 ± 2 ◦C

Without pretreatment YB:
362.5 mL/g VS

With pretreatment
YB: 420.6–527.8 mL/g VS

Enhancement: +45%

[59]

Chicken litter
5% of NaOH 90 min,

120 ◦C +3% of H2SO4
90 min, 120 ◦C

With pretreatment
YM: 137 mL/g VS

Enhancement: -

[60]

Chicken litter and
chicken feathers

Ca(OH)2 at 90 ◦C,
1.27 bar pressure

Batch assay,
50 mL bottles,

37 ◦C

With pretreatment
YM: 101 mL/g VS

Enhancement: -
[61]

Poultry manure

Clostridium cellulolyticum,
Clostridium saccharolyticum,

and Clostridium
thermocellum as

bioaccumulation strains

With pretreatment
YM: 102 mL/g VS

Enhancement: +15%

Food waste +
poultry manure

120 ◦C, 10 bar, 30 min

Batch assay, 2.0 L
bottles, 30 d

Untreated: 8921 mL

Enhancement: +4–11%
[62]

2450 MHz, power 1460 W,
wavelength of 12.24 cm,

and cavity size of 470

Ultrasonication: 20 kHz,
130 W, 30 min
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Table 10. Cont.

Feedstock Pretreatment AD Conditions Remarks Reference

Poultry droppings +
kitchen waste

The addition of silica gel as
a catalyst 26–31 ◦C, 8% TS

With pretreatment
YM:

10,545 mL/kg
Enhancement: +31.12%

compared to trail without
silica gel

[63]

Chicken litter (CL) + wheat
straw (WS) + food waste

(FW)

NaOH (1–5% w/v),
30–90 min, 60–120 ◦C

Batch assay, 1 L,
37 ◦C

CL YM: 321.1 mL/g VSadded
With pretreatment

YM:
440–590 mL/g VSadded

Enhancement: up to 83.7% [60]

Sequential alkaline acid
pretreatment 1%, 2%, and

3% (w/v) H2SO4

With pretreatment
YM: 470–625 mL/g VSadded
Enhancement: up to 94.6%

Poultry manure 150 ◦C/5 min and 4.8 ba

AMPTS device
(Bio-

Process control,
Lund, Sweden),

39 ± 1 ◦C

With pretreatment
YM: 288 mL/g VSadded

Enhancement: up to 14.4%
[64]

Chicken manure hyper-thermophilic
(70 ◦C) pretreatment

continuously
stirred tank

reactors, 12 L,
100 rpm, 55 ◦C

With pretreatment
YM: 518 mL/g VSadded

Enhancement: up to 54.6%
[65]

Chicken manure (CM)
pretreated at

100 ◦C, 125 ◦C, 150 ◦C,
175 ◦C, 200 ◦C, and 225 ◦C

Batch assay,
35 ± 1 ◦C

CM: YM: 340 mL/g VSadded
Enhancement: −7.86 [66]

Co-digestion (AcD)
a mixture of 60% sewage

sludge, 20% chicken manure,
and 20% sugarcane waste

(SCW)

Acid pretreatment with
different doses of acetic

acid (2%, 3%, and 4% v/v);
duration: 30–90 min

Batch assay,
450 mL bottles,

30 ± 4 ◦C,
150 rpm

Raw agroindustrial waste: YM:
426.9 mL/g VSrem

Enhancement: up to
1392.9 mL/g VSrem

[67]

Chicken manure (CM) and
sewage sludge (SS)

Iron oxide nanoparticles at
dosages of 40, 80, 120, and

160
mg/L

Batch assay, 1 L,
35 ◦C

SS YM: 278.8 mL/g VS
CM: SS (70:30 on VS base):

3389.7 mL/g VS
AcD with iron: YM:

421.9–560.6 mL/g VS

[68]

Poultry manure (PM) and
lignocellulosic materials -

Batch assay,
120 mL bottles,
35 ◦C, 180 rpm

The best result was achieved for
a food-to-inoculum ratio equal

to 0.5
YM for PM: 13–302 mL/g VS

YM for co-digestion PM with rice
straw, corn cob, peanut shell,

sawdust, coffee husks, or
sugarcane bagasse lower than

for AD of PM alone

[8]

Kitchen waste (KW)
and poultry manure (wet

weight basis) at
ratios of 1:0, 1:1, 2:1, and 3:1

-
Batch assay, 1 L
bottles, 28 and

37 ◦C

KW YB: 312 mL/g VS (28 ◦C);
532 mL/g VS

(37 ◦C)
AcD: 360–396 mL/g VS (28 ◦C);

452–920 mL/g VS (37 ◦C)

[9]

Poultry droppings (PDs)
with two different ratios of

physicochemical sludge (20%
and 40%, based on the VS)

Continuously
stirred anaerobic

digestor, 12 L,
37 ◦C, HRT 30 d

PD, YM: 270 mL/g VS

Enhancement: up to 54%
[69]
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Table 11 summarizes the results of the kinetic studies. An increase in the methane
production rate was recorded for all the tested methods. Another important factor deter-
mining the co-digestion process’ effectiveness was the adaptation phase’s duration (λ).
As shown by the data in Table 11, the pretreatment of the mixture usually resulted in an
extension of the adaptation time of the microorganisms. Moreover, it was found that, with
an increase in the dose of sodium hydroxide, the adaptation time of the microorganisms
was prolonged. A similar trend was noted by Almomani and Bhosale during the anaerobic
co-digestion of agricultural waste with cow dung (CD) and the use of alkaline pretreatment
with sodium bicarbonate [70]. In turn, Wu et al. [71] observed that saponification with
calcium enhanced the methane yield for fat, oil, and grease as well as reduced the lag
phase. Despite the longer lag time phase in anaerobic co-digestion reactors, the results
clearly showed that methanogens consumed organic acids quite quickly in these reactors,
which consequently led to an increase in the rate of methane production and a higher
methane yield, thus confirming previous observations from the literature according to
which the carefully selected addition of co-substrates to digesters can help improve the rate
of methane production during co-digestion [72–75].

Table 11. Summary of the estimated kinetic parameters.

Sample P [mL CH4/g VS] Rm [mL CH4/(g VS d)] λ [d] R2

Modified Gompertz equation (MG)
M 340.3624 63.49502 0.235276 0.99933

M-A 438.4465 66.90778 0.265849 0.99895
Na0.9 463.6653 72.92838 0.389854 0.99915
Na3.6 488.7484 77.75526 0.548816 0.99912
Na4.5 501.0150 81.16676 0.552048 0.99900
Na5.4 496.8261 81.76055 0.589216 0.99862
Fe3.0 457.6325 68.74786 0.290088 0.99895

Logistic function model (LF)
M 338.9935 58.93189 0.177459 0.99879

M-A 435.8587 62.60483 0.213661 0.99705
Na0.9 461.0132 68.71367 0.373178 0.99800
Na3.6 485.9906 73.89803 0.575518 0.99902
Na4.5 498.2668 77.18721 0.581775 0.99908
Na5.4 494.0965 78.13411 0.636446 0.99896
Fe3.0 454.8350 64.42861 0.242888 0.99693

Transference function (TF)
M 342.8943 114.4020 0.609348 0.99474

M-A 443.7058 117.5256 0.673899 0.99564
Na0.9 469.2031 126.1682 0.721710 0.99437
Na3.6 494.8274 131.5803 0.786065 0.99226
Na4.5 507.0182 137.4199 0.781930 0.99190
Na5.4 502.7924 137.5215 0.792250 0.99115
Fe3.0 463.4191 120.1680 0.691750 0.99576

All the models showed a very good fit to the experimental results and estimated
parameters, as evidenced by the value of the coefficient of determination (R2 > 0.99).

4. Conclusions

This study’s primary objective was to investigate the impact of selected pretreatment
techniques on the efficiency of anaerobic digestion (AD) of a three-component co-digestion
mixture. In addition to conducting biochemical methane potential (BMP) tests, the analysis
focused on examining the characteristics of the supernatant post pretreatment and identify-
ing the most suitable inoculum-to-substrate ratio. This study’s findings led to several key
conclusions:

• Waste with a high fat content has the highest potential for methane production;
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• The addition of a third co-substrate to the mixture of sewage sludge and poultry
manure resulted in a substantial increase in methane production;

• The inoculum-to-substrate ratio (I/S) has a statistically significant impact on the
methane yield;

• The highest value of methane yield was obtained for an I/S equal to 2;
• Pretreatment of the three-component co-digestion mixture frequently led to a reduction

in volatile fatty acids (VFAs) within the digestion broth;
• All the pretreatment methods used resulted in an increase in the degree of liquefaction

of organic matter measured by changes in the NPOC;
• With an increase in the dose of sodium hydroxide, an increase in the NPOC parameter

was observed;
• Iron did not result in statistically significant changes in the NPOC levels;
• The pretreatment generally did not impact the total solid (TS) and volatile solid (VS)

content of the three-component co-digestion mixture;
• The pretreatment methods had a significant statistical impact on the distribution of

the analyzed indicators in individual EPS fractions;
• The samples treated using thermochemical methods exhibited lower total ammonium

nitrogen contents in extracellular polymers than the control sample;
• The use of pretreatment on the co-digestion mixture usually resulted in an increase in

the degree of liquefaction of organic matter (measured by changes in NPOC, protein,
and carbohydrates) in all the fractions of extracellular polymers;

• Pretreatment intensifies methane production (for all the tested methods, the methane
yield was higher than for the control sample);

• The most substantial methane yield was observed following thermochemical pretreat-
ment with 4.5 g NaOH/L (501 mL/g VS);

• An increase in the sodium hydroxide concentration prolonged the adaptation time of
microorganisms (lag phase extension);

• The pretreatment methods used slightly improved VS removal. This indicator com-
pared to the unconditioned co-digestion mixture increased from 50.8 to 52.5%; however,
the one-way analysis of variance showed that this change was not statistically signifi-
cant. It is worth emphasizing that, compared to the AD of sewage sludge itself, for
which VS removal is usually around 30–40%, the values obtained in the tests were
satisfactory.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/en17112679/s1: Figure S1 Structure of extracellular polymers,
based on [76], where SB-EPS-soluble EPS; LB-EPS-loosely bound EPS; TB-EPS-tightly bound EPS
Table S1 Tukey test for VFAs result; Table S2 Tukey test for N-NH4

+ result; Table S3 Tukey test for
NPOC result; Table S4 Tukey test for pH result; Table S5 Tukey test for TS result; Table S6 Tukey test
for VS result; Table S7 Results of one-way analysis of variance for ammonium nitrogen content in
three fractions of extracellular polymers (EPS-N-NH4

+); Table S8 Tukey test for ammonium nitrogen
content in SB-EPS; Table S9 Tukey test for ammonium nitrogen content in LB-EPS; Table S10 Tukey
test for ammonium nitrogen content in TB-EPS; Table S11 Results of one-way analysis of variance for
ammonium nitrogen content in three fractions of extracellular polymers (EPS-N-NH4

+); Table S12
Results of one-way analysis of variance for NPOC content in three fractions of extracellular polymers
(EPS-NPOC); Table S13 Tukey test for NPOC in SB-EPS; Table S14 Tukey test for NPOC in LB-EPS;
Table S15 Tukey test for NPOC in TB-EPS; Table S16 Results of one-way analysis of variance for
NPOC content in three fractions of extracellular polymers (EPS-N-NPOC); Table S17 Results of
one-way analysis of variance for carbohydrates content in three fractions of extracellular polymers
(EPS-NPOC); Table S18 Tukey test for carbohydrates in SB-EPS; Table S19 Tukey test for carbohydrates
in LB-EPS; Table S20 Tukey test for carbohydrates in TB-EPS; Table S21 Results of one-way analysis
of variance for carbohydrates content in three fractions of extracellular polymers; Table S22 Results
of one-way analysis of variance for proteins content in three fractions of extracellular polymers;
Table S23 Tukey test for proteins in SB-EPS; Table S24 Tukey test for proteins in LB-EPS; Table S25

https://www.mdpi.com/article/10.3390/en17112679/s1
https://www.mdpi.com/article/10.3390/en17112679/s1
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Tukey test for proteins in TB-EPS; Table S26 Results of one-way analysis of variance for proteins
content in three fractions of extracellular polymers.
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