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Featured Application: Here we establish a strategy for recovering the methanogenic activity in
acidified reactors by PAM-forced flocculation.

Abstract: Excessive accumulation of volatile fatty acids (VFA) is one of the major factors destabilizing
methanogenic digestion of organic wastes in anaerobic bioreactors. Existing methods of stabilization
of this process are mostly expensive and labor-intensive, often requiring removal of a considerable
portion of acidified biomass from the bioreactor. We propose a method for methanogenesis restoration
in such soured reactors by the addition of a cationic polyacrylamide flocculant (PAM) at 20 mg/g
total solids. After flocculant addition, mixing should be minimized to prolong the existence of
the floccules formed in the presence of the flocculant. While partial microbial degradation of the
polyacrylamide flocculant was observed during the thermophilic anaerobic process, complete PAM
mineralization did not occur. Significant inhibition of anaerobic processes, primarily in the activity
of syntrophic propionate-oxidizing bacteria, was observed at PAM concentrations above 40 mg/g
total solids.

Keywords: anaerobic digestion; volatile fatty acids; polyacrylamide flocculant; acidification;
methanogenesis; restoration

1. Introduction

Population growth leads to an increase in the amount of organic waste. The predicted
worldwide amount of organic waste produced annually by 2025 exceeds 6 × 106 t [1].
Sewage sludge (SS) and municipal solid waste (MSW) are the main groups of municipal
organic waste, with their production rates increasing, according to the recent estimates, by
2–4.5% per year [2]. Conversion of municipal organic waste using anaerobic digestion (AD)
has become increasingly popular in recent years as a sustainable technology producing
green energy [3,4]. In the course of AD, organic matter is sequentially degraded to gaseous
products (CO2 and CH4) due to the activity of various functional and phylogenetic groups
of microorganisms [5,6]. Increasing the substrate load and decreasing the moisture content
of the treated waste are among the commonly used approaches to improve the operation
rates of anaerobic digesters [4,7]. A too high organic load may, however, lead to excessive
accumulation of volatile fatty acids (VFA), which is one of the major factors destabilizing the
anaerobic digestion [8,9]. VFA are the key intermediates of organic matter decomposition,
and the rate of their degradation is one of the factors determining the overall rate of the
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process. VFA produced by fermenting bacteria are then utilized by syntrophic bacteria
and acetoclastic methanogens. The growth rates of both syntrophs and methanogens are
lower than that of fermenting organisms. Therefore an excessive accumulation of VFA
can suppress the activity of the whole microbial community and destabilize the anaerobic
digestion [5,6].

Development of approaches to overcome AD destabilization caused by excessive VFA
accumulation is an important task for researchers and technologists.

Addition of alkaline reagents is a known approach used to restore methanogenesis
in soured bioreactors [10]. Thus, doses of lime, sodium carbonate, sodium hydroxide,
ammonium hydroxide, or gaseous ammonia may be added to neutralize the acids pro-
duced during fermentation. Application of lime is not desirable, since insoluble CaCO3 is
formed, which is deposited in the pipes and on the reactor walls [6]. While ammonia and
its compounds may be used for pH stabilization, they have a toxic effect on microorganisms
and result in an additional nitrogen load in the anaerobic bioreactors [11]. Moreover, the
addition of one or two portions of alkaline agents is inefficient, since increased pH results in
rapid restoration of activity of hydrolytic and acidogenic microorganisms, accompanied by
a still greater increase in VFA concentration (up to 14–15 g/L). Methanogenic archaea, with
their growth rate and activity lower than those of the hydrolytic and acidogenic microor-
ganisms, cannot cope with converting VFA to biogas [12]. To restore methanogenesis in the
soured digester treating the organic fraction of MSW (OFMSW), an alkali and an additional
source of the methanogenic microbial community, such as anaerobically digested sewage
sludge or soil from the anaerobic zone of a landfill site, were added simultaneously [12].
While this method proved efficient in methanogenesis restoration, it implies a significant
dilution of soured digesting mass in the limited reactor volume and requires the utilization
of excessive soured biomass, which has a sharp unpleasant odor [12].

Microorganisms thriving as various biofilms are known to be more resistant to unfa-
vorable conditions and biocidal factors than free-living cells. The close proximity between
microorganisms within the biofilms also results in better microbial interactions and higher
substrate conversation rates [5]. Biofilms are either formed on a carrier surface or develop
naturally due to cell self-immobilization as granules and floccules without special carriers.
Aggregation of suspended particles may be accelerated by the addition of various flocculants.
Polyacrylamide flocculants are most often used in wastewater treatment and utilization of
sewage sludge to improve the separation of the solid and liquid phases [13–15]. In our earlier
experiments, different concentrations of the polyacrylamide cationic flocculant Praestol 650
(PAM) were used for SS thickening before batch-mode AD. At the non-optimal inoculum-
to-substrate ratio (ISR) (40/60), which led to AD destabilization, unexpected restoration of
methanogenesis occurred in the soured mixture with elevated PAM content (40 mg/g total
solids), despite the inhibiting accumulation of volatile fatty acids (14–15 g/L) and pH drop
(5.5) [16]. The possible application of flocculants for methanogenesis restoration in the
bioreactors destabilized by excessive VFA accumulation has not been studied previously. It
is known, however, that PAM may have a negative effect on methanogenesis due to the
formation of large aggregates, which results in less efficient mass transfer [13,16]. Moreover,
such products of PAM degradation under anoxic conditions as polyacrylic acid, acrylamide,
and acrylic acid may have an inhibitory effect on microorganisms of the methanogenic
community [17,18]. On the other hand, since PAM was shown to be degraded under
anaerobic conditions, it may be used as an additional source of carbon and nitrogen and
thus contribute to an increase in methane yield [17].

The present study is aimed at investigating biodegradability and toxicity of the poly-
acrylamide flocculant under anaerobic conditions and at testing the possibility of the
application of PAM-enforced flocculation for stabilization of anaerobic digestion after
excessive VFA accumulation.
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2. Materials and Methods
2.1. Substrate and Inoculum

A mixture of acetate, propionate, and butyrate was used as a substrate to evaluate the
toxicity of PAM. Surplus activated sludge (SS) from Kuryanovo wastewater treatment facil-
ities (Moscow, Russia) and simulated organic fraction of municipal solid waste (s-OFMSW)
were used as substrates. Dry pet food (Chappi, Mars Petcare, Russia) was used to simulate
the organic fraction of the MSW. Similar to OFMSW, dry pet food has a high content
of easily degradable organic matter; it differs from OFMSW in its more homogeneous
composition, which is important for laboratory experiments. Total solids (TS) content in
surplus activated sludge and s-OFMSW was 13.4 ± 0.1 and 905.5 ± 0.2 g/kg, respectively.
Volatile solids (VS) content was 8.0 ± 0.2 and 846.8 ± 0.9 g/kg for surplus activated sludge
and s-OFMSW, respectively. Thickened thermophilically digested sewage sludge from
Kuryanovo wastewater treatment facilities was used as inoculum. TS and VS content in
thickened thermophilically digested SS was 48.6 ± 0.1 and 20.5 ± 0.1 g kg, respectively.

The cationic polyacrylamide flocculant Praestol 650 (PAM) (Ashland, Germany), which
is widely used in wastewater treatment plants in Russia, was used as a flocculant.

2.2. Experimental Setup

To investigate the biodegradability and toxicity of the PAM flocculant under anaerobic
conditions, samples of thickened digested SS (3 g) were dispensed into 120 mL vials and
supplemented with a liquid medium (mineral solution without sulfide and bicarbonate [19])
to 50 mL. In the vials designated as “T” (for toxicity), a mixture of acetate, propionate, and
butyrate (60, 10, and 30 mM, respectively) was added as a substrate. The VFA ratio was
selected based on previous experiments [12,16]. The samples with the medium without
the additional substrates were designated “B” (for biodegradability). All samples were
then supplemented with the PAM to the final concentrations of 0 (control samples), 5, 40,
80, 200, and 400 mg/g TS. To establish anaerobic conditions, the vials were purged with
nitrogen and sealed with rubber stoppers and aluminum caps. The experiment was carried
out for 40 days in accordance with Campos et al. [13].

The possible flocculant application to restore methanogenesis in the bioreactor destabi-
lized by the accumulation of high VFA concentrations was studied in the next experiment.
It was carried out in 500 mL vials with 100 mL of a digesting mixture in a batch mode. For
the rapid accumulation of VFAs and inhibition of methanogenesis, the following were used:

• a low inoculum to substrate ratio (ISR = 30%/70% on VS basis);
• a high proportion of readily degradable co-substrate, s-OFMSW, which was 45% of

the total VS of the digesting mixture (a mixture of inoculum, co-substrates and tap
water). Accordingly, the second co-substrate, namely SS, represented 25% of the total
VS of the mixture;

• a high concentration of VS in the mixture (40 g/kg).

All that resulted in the accumulation of excessive VFA, a pH decrease, and termination
of methanogenesis. After 7 days, the vials were supplemented with a 1% water solution of
the flocculant to the final concentrations of 20, 40, and 60 mg PAM/g TS. After addition of
the PAM solution all vials were purged with nitrogen.

To achieve the same mixture volume and moisture content, relevant amounts of water
were added to the control vials and those with 20 and 40 mg PAM/g TS. Some vials were
incubated under non-mixing conditions, while others were mixed (100 rpm).

All experiments were conducted under thermophilic conditions (50 ± 0.5 ◦C).

2.3. Analytical Methods

The parameters monitored in all experiments were the composition of the gas phase
(CH4, CO2, and H2), liquid phase (VFA and alcohols), total ammonia nitrogen content
(TAN), and pH. Each time after taking liquid samples all vials were purged with nitrogen.
TS and VS were determined at the beginning and end of the experiment. The measurements
were carried out as described previously [16]. Composition of gas-phase was measured
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by gas chromatography. The amount of produced methane was calculated based on
the concentration of methane in the gas phase of batch reactors, the gauge pressure and
incubation temperature were taken into account [16].

The size of particles (floccules) in the mixture treated with different PAM concentra-
tions was determined before and after digestion. Particle size distribution was determined
on a Shimadzu SALD-2300 laser diffraction particle size analyzer (Kyoto, Japan). A small
volume of the mixture was pumped through the measuring cell, and the size of solid
particles was analyzed according to diffraction of the red laser radiation.

The standard options implemented in MS Excel were used for statistical analysis.

3. Results
3.1. Toxicity of the PAM and its Possible Degradation under Anaerobic Conditions
3.1.1. Toxicity of the PAM

Toxicity of the polyacrylamide flocculant for the microorganisms of the methanogenic
community was determined using the mixture of simple substrates: acetate, propionate,
and butyrate (series T). The tested PAM concentrations cover the range from the working
concentrations used in wastewater treatment (5 mg/g TS) to extremely high ones (200–
400 mg/g TS), which may potentially have a significant inhibitory effect on methanogenesis.
Experimental results are presented in Figure 1a and Table 1.
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Table 1. Characteristics of the process in the course of batch incubation of digested sludge with different concentrations of the
polyacrylamide flocculant supplemented with volatile fatty acids (VFA) mixture as a substrate.

Sample Day of
Incubation

VFA Concentration Ammonium
Concentration,

mg/L

Methane
Content, %

Methane
Yield, mLAcetate,

mmol/L
Propionate,

mmol/L
Butyrate,
mmol/L

Total VFA,
g/L

Control
T-0

0 44.871 6.965 22.783 5.20 35.2 0 0
6 18.617 3.289 0.159 1.35 36.5 77.29 85.98
22 1.705 0.015 0.025 0.10 – 79.22 144.63
42 0.512 0.003 0.007 0.03 76.5 23.27 146.47

T-5

0 44.871 6.965 22.783 5.20 35.2 0 0
6 24.986 4.186 0.696 1.84 58.4 76.48 76.4
22 3.343 0.020 0.051 0.20 – 77.59 131.37
42 0.011 0.003 0.004 0 89.6 25.07 138.44

T-40

0 44.871 6.965 22.783 5.20 35.2 0 0
6 35.412 6.566 4.472 2.96 44.2 76.73 60.93
22 0.429 6.712 0.053 0.52 – 80.01 136.41
42 6.170 0.026 0.007 0.37 100.3 41.39 147.56

T-80

0 44.871 6.965 22.783 5.20 35.2 0 0
6 33.418 6.386 8.896 3.21 68.2 75.46 42.13
22 0.524 6.610 0.030 0.52 – 78.51 129.48
42 4.822 2.884 0.005 0.49 103.2 48.70 136.49

T-200

0 44.871 6.965 22.783 5.20 35.2 0 0
6 42.764 9.203 24.309 5.31 61.8 73.23 20.24
22 0.362 7.214 0.070 0.55 – 78.16 106.60
42 3.211 4.444 0.012 0.51 104.8 33.59 111.46

T-400

0 44.871 6.965 22.783 5.20 35.2 0 0
6 44.671 8.234 26.129 5.51 101.4 70.94 11.12
22 12.164 8.250 0.192 1.34 – 79.07 104.09
42 0.475 8.307 0.004 0.63 131.7 31.33 117.29

VFA—volatile fatty acids.

Active methanogenesis in all samples continued for 22 days. According to the data
presented in Figure 1a, the addition of the flocculant even at its minimal concentration
(5 mg/g TS) caused a decrease in the initial rate of methanogenesis. However, no inhibitory
effect on anaerobic digestion was observed after 11 days of the experiment at flocculant
concentrations of up to 40 mg/g TS. This finding was confirmed by the values of total
methane yield which were similar to those of the control samples. PAM concentrations of
up to 40 mg/g TS did not affect the final methane yield. In the T-400 series (400 mg PAM/g
TS), the initial methanogenesis rate decreased significantly (by 76.5 ± 2.4%) compared
to the control samples without PAM. However, intensification of methanogenesis was
observed after 15 days of incubation. The methane yield at the end of the experiment was
57.6 ± 1.9% of the yield in the control samples.

Importantly, the highest tested PAM concentration (400 mg/g TS), despite its pro-
nounced inhibitory action, did not cause termination of methanogenesis when VFA were
used as the substrate.

The VFA consumption rate and amount of consumed VFA varied depending on PAM
concentration in the samples (Table 1). During the first 6 days of the experiment, ~74%
of the added substrates (considering the VFA formed during the decomposition of VS of
inoculum) were consumed in the control samples. In the samples T-5, T-40, and T-80, the
amounts of consumed substrates were 64.6, 43.1, and 38.3%, respectively.

PAM was found to have an inhibitory effect on propionate degradation. After 42 days
propionate was completely consumed only in the samples with PAM concentrations below
40 mg/g TS. Propionate consumption in the samples T-80 and T-200 was 58.6 and 51.7%,
respectively. Propionate concentration in the sample T-400 did not change. Acetate concen-
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trations increased in T-40, T-80, and T-200 between days 22 and 42 of the experiment. It
was associated with complete or partial propionate degradation. Partial inhibition of the
acetate consumption was revealed in the samples with PAM concentrations above 40 mg/g
TS in the late stage of the experiment.

H2 concentration in the gas phase did not exceed 0.04%, which indicated the ab-
sence of inhibition of hydrogen consumers, i.e., hydrogenotrophic methanogens and/or
homoacetogenic bacteria.

3.1.2. PAM Biodegradability

PAM biodegradability was tested by adding different concentrations of the PAM to
digested sludge (inoculum) with subsequent anaerobic incubation of the mixtures (series B).
The results are presented in Figure 1b and Table 2.

Table 2. Characteristics of the process in the course of batch incubation of the mixture of digested sludge with different concentrations
of the polyacrylamide flocculant as a substrate.

Sample Day of
Incubation

Volatile Fatty Acids Concentration Ammonium
Concentration,

mg/L

Methane
Content in
Biogas, %

Methane
Yield, mLAcetate,

mmol/L
Propionate,

mmol/L
Butyrate,
mmol/L

Total VFA,
g/L

Control
(B-0)

0 0.121 0.009 0.008 0.01 35.2 0 0
6 0.175 0.011 0.032 0.01 72.1 67.54 8.53
22 0.203 0.240 0.012 0.03 – 68.77 17.25
42 0.176 0.042 0.015 0.01 95.8 37.33 20.54

B-5

0 0.121 0.009 0.008 0.01 35.2 0 0
6 0.169 0.021 0.032 0.01 92.3 66.10 8.58
22 0.351 0.062 0.054 0.03 – 69.79 16.57
42 0.224 0.009 0.013 0.01 104.5 37.67 19.95

B-40

0 0.121 0.009 0.008 0.01 35.2 0 0
6 0.142 0.047 0.014 0.01 55.1 64.14 7.01
22 0.429 0.015 0.042 0.03 – 68.05 14.57
42 0.154 0.011 0.008 0.01 106.1 38.12 17.67

B-80

0 0.121 0.009 0.008 0.01 35.2 0 0
6 0.179 0.116 0.019 0.02 83.2 66.09 7.6
22 0.556 0.018 0.037 0.04 – 68.98 14.87
42 0.171 0.020 0.007 0.01 109.4 35.84 17.81

B-200

0 0.121 0.009 0.008 0.01 35.2 0 0
6 0.803 0.327 0.078 0.08 112.1 67.96 8.74
22 0.158 0.020 0.047 0.01 – 66.45 17.97
42 0.128 0.011 0.013 0.01 127.1 38.05 21.24

B-400

0 0.121 0.009 0.008 0.01 35.2 0 0
6 1.221 0.313 0.071 0.09 125.3 50.99 5.15
22 0.689 0.362 0.029 0.07 – 74.84 15.65
42 0.141 0.078 0.009 0.01 137.4 23.71 19.67

VFA—volatile fatty acids.

Increasing the PAMt amount resulted in a decreased specific methane yield per floccu-
lant VS (Figure 1b). This was an indication that the PAM organic matter was not degraded
directly to methane. However, signs of partial degradation of PAM were found. Formation
of VFA, primarily acetate, was observed in all samples. The acids were mainly produced in
the course of degradation of organic matter of the digested sludge used as the inoculum. A
certain amount of the organic acids resulted from PAM degradation, as was indicated by
increased amounts of acetate produced in the samples with higher PAM concentrations.
Higher concentrations of ammonium nitrogen were observed in the flocculant-containing
samples by the end of the experiment. Ammonium nitrogen could be released during the
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cleavage of nitrogen-containing groups of PAM molecules. H2 concentration in the gas
phase did not exceed 0.044%.

A correlation was observed between the size of the floccules formed in the presence
of PAM and the flocculant concentration: larger floccules were formed at higher floccu-
lant concentrations. Gradual floccules decomposition was observed in the course of the
experiment, which led to an acceleration of the processes of microbial decomposition of VS
during the experiment.

3.2. Application of the Flocculant to Restore Methanogenesis in Destabilized Bioreactors

In our previous experiments [16], it was shown that the maximum concentration of
PAM (40 g/kg TS) can contribute to the maintenance of methanogenesis in experimental
reactors with a high organic load. To confirm the possibility of applying enforced floccula-
tion caused by the PAM flocculant to restore methanogenesis, a model of a destabilized
reactor was developed. Digestion was carried out at a lower inoculum-to-substrate ratio
(ISR, 30%/70% based on total VS in the digesting mixture), elevated concentration of easily
degradable s-OFMSW (45%), lowered moisture content (~92%) and high VS concentration
in the mixture (40 g/kg).

On days 3-6 of the experiment, evidence of destabilization of AD due to substrate
overloading was observed. During the first few days, significant amounts of hydrogen were
accumulated (up to 17.2 ± 4.7% of the gas phase volume). VFA, especially acetate, were
produced and accumulated; acetate concentration increased 4.2–6.0 times over three days.
The overall VFA concentration remained relatively low, 3.42 ± 0.05 g/L. In all samples,
pH decreased from 7.2 at the beginning of the experiment to 5.8 ± 0.3 after 3–6 days. A
combination of these factors resulted in complete suppression of methane production by
day 6 of the experiment.

On day 7, the PAM solution was added (the control samples were supplemented with
the same volume of distilled water). The humidity of the mixture increased from 92.1 ±
0.2% to 93.9 ± 0.1%. The experimental samples were then subdivided into two groups so
that digestion was carried out either without or with mixing (shaking at 100 rpm).

Positive dynamics of methane accumulation and a decrease in the VFA concentration
were observed only in the non-mixing samples. The samples treated with the PAM at
20 mg/g TS exhibited restoration of methanogenesis after acidification-caused destabiliza-
tion after 4–5 days. While insignificant positive changes were observed in PAM-40 samples
8 days after the flocculant treatment, a significant shift occurred only after 45 days.

Dynamics of methane accumulation in non-mixing samples and dynamics of VFA
and hydrogen accumulation and consumption are shown in Figure 2a,b and Figure 3,
respectively. The process characteristics are presented in Table 3.

Table 3. Characteristics of the process of anaerobic digestion in the non-mixing mixtures.

The Concentration of
PAM in the Experimental

Mixture

VFA Concentration, g/L Ammonium Concentration,
mg/L pH

Methane
Yield, mL/g

VSinitial

VS Decom-
position,

%Initial Terminal Initial Terminal

Control (PAM-0) 2.23 ± 0.11 11.75 ± 0.58 60.7 ± 3.0 822.1 ± 41.1 5.68 11.16 ± 0.55 35.0 ± 1.7
PAM–20 2.23 ± 0.11 0.73 ± 0.03 60.7 ± 3.0 1047.2 ± 52.3 7.60 189.84 ± 9.54 60.4 ± 3.0
PAM–40 2.23 ± 0.11 8.37 ± 0.41 60.7 ± 3.0 1033.0 ± 51.6 6.89 53.41 ± 2.67 52.6 ± 2.6
PAM–60 2.23 ± 0.11 13.09 ± 0.65 60.7 ± 3.0 836.5 ± 41.8 5.96 12.45 ± 0.62 52.1 ± 2.6

PAM—polyacrylamide, VFA—volatile fatty acids, VS—volatile solids.
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60, the flocculant concentrations 20, 40, and 60 mg/g TS, respectively. The X-axis begins (0 days) on
day 7 of the experiment when the flocculant was added.
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Figure 3. Dynamics of volatile fatty acids (VFA) accumulation and consumption (overall concen-
trations of acetate, propionate, and butyrate, g/L): Control (polyacrylamide (PAM)-0) without the
flocculant; PAM-20, PAM-40, and PAM-60, the flocculant concentrations 20, 40, and 60 mg/g total
solids (TS), respectively. Time of the flocculant addition is indicated by the arrow.
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A correlation between the time of methanogenesis activation and the beginning of a
decrease in the VFA concentration may be seen in Figures 2 and 3. In the PAM-20 mixtures,
the VFA concentration peaked and began to decrease 5–7 days after the flocculant addition,
which corresponded to the onset of methane accumulation in the gas phase. Similar changes
were observed in the PAM-40 mixtures after 40 days of the experiment. VFA consumption
resulted in a pH shift to more neutral values (Table 3). However, only in the PAM-20
samples, the pH reached the optimal values by the end of the experiment. In the PAM-60
mixtures and the control (without PAM), the total VFA concentration increased until the end
of the experiment. While the average concentrations of propionate (22.4 and 23.0 mM) and
butyrate (70.4 and 73.4 mM) in the control and the PAM-60 samples were similar, acetate
concentration in PAM-60 exceeded the value for the control by 17.5 ± 1.9 mM. Increased
acetate concentration was probably due to a partial restoration of the activity of fermenting,
homoacetogenic and syntrophic bacteria or partial degradation of PAM followed by acetate
production. Hydrogen ratio in biogas reached a maximum on day 3 of incubation and
then was gradually declining till the end of the experiment. Active hydrogen production
attributes to active hydrolysis and fermentation in the samples. Coincidently, it reveals that
the activity of hydrogenotrophic methanogens was not sufficient or was inhibited.

The concentration of total ammonia nitrogen (TAN) produced during digestion did
not exceed 1.1 g/L, with the highest values in the samples PAM-20 and PAM-40 (Table 3).
Increasing TAN concentration indicated the hydrolysis of proteins and nucleic acids. Lower
TAN concentrations in the PAM-60 samples resulted probably from suppression of the
microbial community, including the decreased activity of proteolytic bacteria. Another
possible reason may be a decreased rate of PAM decomposition under destabilized con-
ditions or at concentrations above 40 g/kg TS. Reduced bioavailability of proteins after
PAM addition also might account for lower TAN concentration [17]. The degree of TS
degradation determined using the standard methods [16] was 20.1% for the control and
45.3, 38.5, and 36.5% for the mixtures PAM-20, PAM-40, and PAM-60, respectively. The
degree of VS degradation varied from 35 to 60.4% depending on the amount of added PAM
(Table 3). It should be noted that the products of decomposition of organic matter from
the substrates were not converted to biogas completely. Thus, in the control mixtures VS
degradation resulted in the formation of VFA, ethanol, and other fermentation products,
while no further conversion of these compounds to methane occurred due to suppressed
activity of syntrophic bacteria and methanogenic archaea.

Methanogenesis was not restored in the mixing samples. In all samples hydrogen was
accumulated to 35.9–40.3% 7 days after the PAM addition; by the end of the experiment,
its concentration decreased to 12.6–25.5%. The lowest hydrogen concentration in the
gas phase was observed for the PAM-20 samples. High hydrogen concentrations in the
gas phase indicated destabilization of the AD process; it also suppressed the activity of
syntrophic bacteria involved in VFA utilization [20,21]. Thus, VFA accumulated, and their
concentration by the end of the experiment was as high as 9.54 ± 0.15 g/L. It should
be noted that VFA accumulation in mixing samples occurred slower than in non-mixing
samples, and VFA concentrations did not reach the maxima observed for digestion without
mixing (12.4–13.1 g/L). This was probably due to considerable inhibition of all anaerobic
processes, including acidogenesis. The TAN content in all mixtures was 1039–1083 mg
N–NH4/l, independent on the amount of PAM added. The degree of VS decomposition in
the course of digestion was ~40 to 45%.

The floccules size and the duration of their existence were shown to be of critical
importance for the restoration of methanogenesis. The results of the granulometric analysis
of the samples of the digested mass collected by the end of the experiment are presented in
Figure 4. Both in the control samples and in all samples before the PAM addition, particles
smaller than 50 µm in diameter constituted 51.5 ± 0.4%, while 28.8 ± 1.3% had a diameter
of 50-100 µm. No particles over 300 µm were present. In PAM-treated samples incubated
without mixing, 91.3-99.8% of the particles were from 100 to 700 µm in diameter.
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In mixing mixtures, floccules break-up was more rapid, and by the end of the experi-
ment 39.2–51.9% were smaller than 100 µm.
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4. Discussion
4.1. Toxicity of the PAM and its Possible Degradation under Anaerobic Conditions

In a number of works, low direct toxicity of PAM-based flocculants for anaerobic
microorganisms was reported [13,22]. Our experiments showed that all tested PAM concen-
trations caused a decrease in the initial methanogenesis rate. However, even the extremely
high flocculant concentration of 400 mg/g TS did not inhibit AD completely. This data
confirm the results obtained by other researchers, who did not observe the toxicity of PAM
flocculants under mesophilic conditions at concentrations of 105 and 415 mg/g TS [13,20].

Nevertheless, clear patterns of partial inhibition of the anaerobic microbial community
by the PAM were found. Increasing the flocculant amount resulted in a decreased specific
methane yield per flocculant VS (Figure 1b). This was an indication that the PAM organic
matter was not degraded directly to methane. Our data confirm the results by Song et al.,
who found that only partial PAM degradation occurred under anaerobic conditions at 35
and 55 ◦C, resulting in decreased PAM molecular mass due to partial hydrolysis and in
the removal of amide groups. The authors showed that internal C-C bonds in the PAM
molecule were to a considerable degree resistant to microbial hydrolysis [23].

The intrinsic inhibitory effect of PAM is associated with the disruption of the processes
of biopolymer hydrolysis. PAM limits the availability of waste VS for exposure to microbial
enzymes. At elevated PAM concentrations in the medium, hydrolysis of both the waste
VS and of the polyacrylamide molecule is probably decelerating [18]. PAM has the most
pronounced inhibitory effect on the enzymatic activity of hydrolases [24]. PAM can form a
covalent bond and sweep flocculation between cationic PAM and the enzymes, significantly
reducing their activity [24]. In addition, some ectoenzymes could be used for degradation
of both organics and PAM due to the similar functional groups between them, which can
also contribute to a decrease in the efficiency of degradation of the main substrate [24,25].

The observed decrease in the rates of methanogenesis and the efficiency of the process
of anaerobic transformation of VS can also be associated with the toxic effect of PAM
decomposition products on anaerobic microorganisms. It is known that the main products
of PAM decomposition under anaerobic condition are polyacrylic and acrylic acids, the
proportion of which is about 50% of all products formed [17,18,25]. While acrylamide
and acrylic acid suppress the activity of methanogenic archaea, polyacrylic acid affects
both methanogens and hydrolytic and syntrophic bacteria, as well as homoacetogenic
bacteria [17,24]. At the same time, acrylic acid has no significant effect on hydrolytic
processes. PAM also has a pronounced inhibitory effect on acidogenesis [24].

Our data show that high concentrations of the PAM had the most significant inhibitory
effect on syntrophic bacteria involved in VFA conversion, primarily on the propionate-
oxidizing syntrophic bacteria. The concentration of PAM 80–200 g/kg TS led to a decrease in
the efficiency of consumption of propionate by 41–49%, while the maximum concentration
of PAM completely inhibited the decomposition of propionate. It is well known that the
accumulation of propionate is one of the important signs indicating the destabilization of
the AD process [26]. We also observed the accumulation and slower degradation of acetate
in the samples treated with 80–400 mg PAM/g TS, which indicate the inhibitory effect
of PAM or its degradation products on acetate-utilizing methanogens. The sensitivity of
acetoclastic methanogens to PAM and its degradation products has been previously shown
by Wang et al. [17].

We observed signs of partial degradation of PAM, including an increase in total VFA
concentration and total ammonium nitrogen concentration. Formation of VFA, primarily
acetate, was observed in all samples, both in the T and B series. The acids were mainly
produced in the course of degradation of organic matter of the digested sludge used as
the inoculum. A certain amount of organic acids resulted from PAM degradation, as was
indicated by increased amounts of acetate produced in the samples with higher PAM
concentrations. Partial PAM hydrolysis and conversion of the intermediate products of
PAM decomposition to acetate is another possible cause for acetate accumulation in the
flocculant-treated samples [25]. Thus, Dai et al. showed polyacrylic acid to be the main
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source for acetate formation during PAM degradation [25]. Acetate was also a major
product of mesophilic AD of SS treated with different concentrations of PAM, and its
amount increased with increasing PAM concentration [24].

Increases in the concentrations of ammonium nitrogen were observed in the flocculant-
containing samples rather than in the control ones, indicating partial PAM degradation
(removal of amide side groups). Similar experiments by Wang et al. revealed that the
cationic PAM promoted the release of ammonium nitrogen from SS [17]. Dai et al. found
that increasing PAM concentration in the medium resulted in the formation of a lower
specific amount of ammonium nitrogen (mg N-NH4/g PAM) [18]. A similar tendency was
observed in our experiments.

Our data indicated that the PAM was partially biodegraded even at its highest tested
concentration of 400 mg/g TS. These results do not agree with the observations of Dai
et al., who found that while biological PAM hydrolysis occurred at its concentrations
of 100–200 mg/L, its efficiency decreased drastically at PAM concentrations above 300
mg/L [25]. In our experiments, PAM concentration was 37 mg/L in B-5 samples and
296-2964 mg/L in other samples. However, PAM mineralization (stepwise degradation
up to methane formation) did not occur. The degradation was limited to the formation of
various intermediate products, as well as detachment of nitrogen-containing side groups
(the latter resulted in the accumulation of ammonium nitrogen).

The possibility of partial PAM biodegradation under anaerobic conditions was re-
ported in several works [17,18,23]. In the absence of alternative substrates, microorganisms
can use PAM as a source of nitrogen and even of carbon [18,25,27]. Wang et al. showed
that PAM is relatively resistant to anaerobic degradation compared to polysaccharides
and proteins and therefore is used at the later stages when other substrates are avail-
able [17]. Thermophilic conditions (50–55◦C) promote partial PAM depolymerization,
which increases its availability to microorganisms and the degree of its biodegradation [23].
The polymeric structure of PAM and its high molecular mass, as well as resistance of
the floccules to hydrolases, are the main factors determining PAM resistance to microbial
degradation [22,28].

A correlation was observed between the size of the floccules formed in the presence of
PAM and the flocculant concentration: larger floccules were formed at higher flocculant
concentrations. A similar correlation was reported by other authors [16–18]. The size of
floccules can also affect the efficiency of hydrolysis processes and slow down the conversion
of the products of partial decomposition of VS into methane, which is reflected in a decrease
in the rate of methanogenesis.

4.2. Application of the Flocculant to Restore Methanogenesis in Destabilized Bioreactors

PAM-based flocculant was effective for methanogenesis restoration in thermophilic
bioreactors destabilized due to accumulation of high VFA concentrations only in non-
mixing samples. The most effective recovery of methanogenesis was observed at a concen-
tration of 20 mg/g TS. Methanogenesis was not restored in the samples digested under
mixing. In all samples, hydrogen was accumulated in the gas phase, which indicated
destabilization of the AD.

Most likely, forced flocculation and long-term preservation of floccules was the main
reason for the restoration of methanogenesis in destabilized bioreactors.

During the experiment, a multidirectional effect of several factors was observed. Based
on the results obtained, excessive VFA accumulation is a more significant factor inhibiting
the AD process. In this case, the addition of a flocculant has a less inhibitory effect. In
previous studies with vigorous mixing and increasing the organic loading rate to 7.6–9.4 kg
VS/(m3 day), an excessive accumulation of VFA was observed, mainly acetate (up to
14 g/L) and propionate (up to 4 g/L) [29]. Minimal mixing promotes the initiation of
methanogenic centers [30]. Intense mixing leads to the distribution of the VFA formed
in large quantities throughout the entire volume of the digested mass, which can inhibit
syntrophic bacteria and methanogenic archaea [29,30].
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In agitated mixtures, floccules break-up was more rapid, and by the end of the
experiment 39.2-51.9% were smaller than 100 µm. This is in accordance with the data of
Bolzonella et al., who found that continuous agitation of digested mass promoted more
rapid break-up of the flocculant-induced floccules [31].

Thus, to achieve the positive effect of enforced flocculation, mixing of the digested
mixture should be stopped or decreased to a minimum in order to extend the duration of
floccules existence and to avoid their untimely disintegration.

Application of PAM concentrations higher than 20 g/kg TS is probably less efficient
due to the inhibitory properties of the flocculant.

Our experiments revealed that pH decrease caused by excessive VFA accumulation
did not affect flocculation. These results are in agreement with those of El-Mamouni et al.,
who showed that the efficiency of PAM-induced floccules formation did not change at
pH decrease [32]. According to Dai et al., the size of PAM-induced floccules depended on
an ambient pH: the largest floccules were formed at neutral pH (7.0) and pH decrease to
4.0, while the floccules size decreased at pH above 8.0 [25]. This finding is important for
PAM application for the restoration of methanogenesis in reactors destabilized due to VFA
accumulation. The larger the floccules size, the higher the probability of the positive effect
of the flocculant and the rate of the process restoration.

Most of the authors investigating the effect of flocculants on anaerobic digestion
agreed that flocculant treatment of SS results in lower mass transfer efficiency and slower
hydrolysis [13,16–18]. Partial limitation of substrate availability for hydrolysis, which is
a result of flocculation, is among the most probable mechanisms of the restorative effect
of the flocculant. This decreases the rates of hydrolytic processes and the rate of VFA
accumulation in the medium. Wang et al. showed that as a result of PAM addition (3-24
mg/g TS) the concentrations of soluble proteins and polysaccharides decreased by 23-67%,
depending on the PAM concentration. It also affected their subsequent release from the
floccules [17].

Formation of microniches within the floccules is another possible mechanism. The
activity of syntrophic bacteria and methanogenic archaea, which are highly sensitive to
variations of pH and hydrogen and VFA concentrations in the medium is preserved in
these microniches. Outer layers of the floccules may act as a protective barrier, which
impaired mass transfer of metabolites into its inner zones. This suggestion is indirectly
confirmed by the fact that methanogenesis was restored only in the samples which were not
mixed and in which large floccula were therefore preserved. A positive effect of enforced
biomass aggregation caused by the PAM flocculant on methanogenic activity, similar to
that of natural aggregation, was shown by El-Mamouni et al. [32]. The authors suggested
that this effect was caused by closer proximity and interaction of acetogenic bacteria and
methanogenic archaea resulting in accelerated consumption of acetate and H2 [32].

5. Conclusions

Our experiments showed that partial microbial degradation of the polyacrylamide
flocculant occurred in the course of thermophilic anaerobic digestion, although complete
PAM mineralization did not occur.

The addition of the flocculant (5 to 400 mg/g TS) resulted in a decrease in the initial
methanogenesis rate when VFA were used as substrates. However, anaerobic degradation
of organic matter was not inhibited completely even by the highest tested flocculant
concentration (400 mg/g TS). Impaired biopolymer hydrolysis and negative effect on
syntrophic bacteria (especially on propionate oxidizers) are the most probable mechanisms
of inhibition.

At 20 mg/g TS, the PAM flocculant may be used to restore methanogenesis in bioreac-
tors destabilized by the accumulation of high VFA concentration. The features required
for methanogenesis restoration after the flocculant addition are large floccules size and
the absence of agitation in order to provide for the long-term existence of the flocculant-
induced floccules.
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