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Abstract: The use of fossil fuels (methane, oil, etc.) is undergoing an unprecedented crisis now.
There is the urgent need to search for alternative energy sources. A wide range of degraded organic
materials can be effectively used to provide energy together with environmental protection. Soapstock
is a hazardous waste containing a high concentration of toxic organic compounds of man-made origin
(fatty acids, surfactants, dyes, etc.). To prevent environmental contamination such substances require
an effective treatment approach. The goal of the study was to isolate the adapted-to-fatty-acids
methanogenic microbiome and investigate the patterns of sodium acetate and soapstock degradation
with simultaneous biomethane synthesis. The effectiveness of the degradation of sodium acetate and
soapstock by non-adapted and adapted microbiomes was evaluated by decreasing the concentration
of dissolved organic compounds. The effectiveness of the fermentation process was determined by the
biogas (mixture of CH4 and CO2) yield. The most effective degradation occurred in the variant with
sodium acetate and adapted methanogens and amounted to 77.9%. In other variants, the patterns and
the efficiency of purification were similar ranging from 60.6 to 68.0%. The biomethane was mostly
synthesized by adapted methanogens on the soapstock and sodium acetate as substrates. Thus, the
CH4 yield was 368.4 L/kg of dissolved organic compounds or 127.5 L/kg of soapstock. The results
of this study demonstrated the potential of methanogenic microorganisms in the biodegradation of
soapstock with simultaneous biogas synthesis. The results can serve as a basis to reduce the reliance
on fossil fuels by generating biomethane via the fermentation of toxic organics.

Keywords: environment protection; energy carriers; soapstock; fatty acids; sodium acetate; methane
fermentation; organic waste degradation; wastewater purification

1. Introduction

Currently, the economy of the globe is facing a total energy crisis. The reasons for such
a situation are the depletion of fossil fuels, the negative effect on the environment due to
their use (greenhouse effect, etc.), and market instability. In this regard, there is an urgent
need to find alternative energy sources to provide a gradual replacement of fossil fuels
by green energy. Fuel provided as the result of biological processes is considered to be a
promising alternative. For example, methanogenic fermentation of organic compounds
can provide not only methane production but also environmental protection. Thus, the
development and optimization of the fermentation processes is a promising approach to
support the economy with alternative energy [1].
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Pollution of the environment by organic toxicants is one of the most hazardous envi-
ronmental problems. Today, natural and synthetic organic compounds predominate over
inorganic ones in landfills and industrial wastewater. Accumulated as a result of human
activities and imperfect technological processes in chemical enterprises, as well as the
absence or ineffectiveness of their detoxification, persistent organic compounds possess
hazards to the environment [1,2]. Since they are degraded very slowly, synthetic organic
compounds persist in the environment for a long time, disrupting normal functioning flora
and fauna. A soapstock is a striking example of an organic contaminant. Soapstock from
alkali refining is a rich source of fatty acids, but it also presents a handling, storage, and
disposal problem [1]. Substances containing fatty acids are widely used in everyday life
as antimicrobial agents, preservatives, stabilizers, etc. [3]. Soapstock is formed both at
industrial enterprises [4] and as a result of everyday human activities and the intensive
use of detergents, including solid and liquid soaps. Due to the spread of the COVID-19
virus, the intensity of soap use has increased significantly [5]. Due to the high demand for
detergents, it is impossible to satisfy the needs only from soaps synthesized from natural
ingredients (oils, animal fats, etc.). In hard water, a soap of natural origin loses its detergent
effect because insoluble magnesium and calcium salts of higher carboxylic acids are formed.
In this regard, the production of synthetic detergents has been widely developed. They
have a good cleaning effect and do not lose it in hard water. Long-chain fatty acids with
high molecular weight are used for the production of synthetic detergents. The fatty acids
necessary for the production of soap are extracted from crude oil [6] or paraffin oxida-
tion [7]. A toilet soap is produced by the neutralization of acids containing from 10 to
16 carbon atoms in the molecule yields. Household soap and soap for technical purposes is
produced using long-chain fatty acids containing from 17 to 21 carbon atoms. Thus, organic
acids and their salts that are accumulated in the environment are mainly represented by
two groups: short-chain (SCFA) [4] and long-chain fatty acids (LCFA) [8]. Short-chain fatty
acids (acetic, propionic, and butyric acids) are saturated carboxylic acids containing six
or fewer carbon atoms. Usually, they are the component of landfill leachate [8] and the
digestate of anaerobic bioreactors [9]. The long-chain fatty acids in most cases accumulate
in the environment as the part of household or industrial wastewater containing alkaline
salts of fatty acids and soaps [10].

This process causes eutrophication and foaming, and altering of the salinity, turbidity,
and pH of the environment [11]. Such uncontrolled pollution of the environment with
fatty acids and their salts has a detrimental effect on the functioning of living organisms.
It destabilizes the normal function of natural ecosystems and causes mass extinction of
microorganisms in soil and water reservoirs. The antibacterial activity of fatty acids is
well known in the literature [12]. Fatty acids inhibit the growth of both spore and non-
spore microorganisms. Thus, the growth of strains Clostridium botulinum 62A, Clostridium
sporogenes PA3679, and Bacillus cereus F4165/75 were inhibited by lauric, linoleic, and
linolenic acids. Minimum inhibitory concentrations ranged from 50–150 mg/L for lauric
acid, ≥150 mg/L for myristic acid, 30–100 mg/L for linoleic acid, and 10–75 mg/L for
linolenic acid depending on the strain [13]. Fatty acids C4–C16 and oleic acid inhibited
the growth of E. coli strain k12/154 by its insertion into the medium in the exponential
phase of growth at a concentration of 0.1–0.4% [14]. Due to the high level of pollution of
the environment with organic contaminants, especially fatty acids, it is of great interest to
develop methods of wastewater purification. Current wastewater treatment approaches
include physical, chemical, and biological methods to eliminate pollutants [15]. To date, the
most common methods of water purification from organic acids are flotation [16], reverse
osmosis [17], nanofiltration [18], electrochemical oxidation [19,20], photocatalytic ozona-
tion [21], the ion exchange method [22], and adsorption [23]. The main problem of existing
wastewater treatment methods is the obsolescence of treatment plants, the high cost of their
operation, and their maintenance [24]. They are not sustainable to meet the ever-growing
water sanitation needs due to rapid industrialization and population growth [25]. The
chemical-based purification methods are hazardous due to their negative environmental
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impacts [4]. Biological and especially microbiological remediation approaches are the better
alternative due to their cost-effectiveness and high efficiency compared with traditional
physicochemical approaches [26]. Microbiological wastewater purification involves the
use of aerobic or anaerobic methods, or a combination of them [27]. The advantages of
anaerobic purification are total organics removal, less sludge production, a low energy
requirement, and the opportunity for biogas production in a huge amount [28]. Given that
salts of fatty acids contained in soap in high concentrations are toxic to microorganisms,
the urgent problem is to isolate new microbial strains resistant to organic compounds
in high concentrations. Soapstock containing fatty acids can be used as a substrate (the
only source of carbon and energy) for organic-resistant microorganisms to produce biogas
(biohydrogen or biomethane) [2]. Given the wide variety and metabolic pathways, the
microorganisms are the optimal biological agents for wastewater purification from the
contamination with synthetic organic contaminants (soapstock, salts of short-chain and
long-chain fatty acids, etc.) with energy production. They are also able to adapt to extreme
environmental conditions and high concentrations of toxic compounds, as well as to switch
microbial metabolism to the degradation of hard-to-reach substrates [29].

It is already known that some microorganisms are resistant to certain fatty acids and
are able to transform them. However, the patterns of the methanogenic degradation of
the soapstock containing a mixture of fatty acids and other synthetic organic compounds
(surfactants, dyes, etc.) are still unstudied. The process of methanogenesis is multistage and
includes a number of biochemical reactions: polymer hydrolysis, acetogenesis (including
hydrogen synthesis), and methanogenesis. Methanogenesis consists of such stages:

1. Hydrolysis of polymers [30]:

1.1. [C6H12O6]n → nC6H12O6;
1.2. Lipids→ RCH2CH2COOH (LCFA) + glycerol
1.3. Proteins→ amino acids

2. Acetogenesis:

2.1. C6H12O6 + 2H2O = 4H2 + 2CH3COOH (acetate) + 2CO2 (–414 mV) [31];
2.2. RCH2CH2COOH (LCFA)→ ß-oxidation pathway→AcetylCoA→CH3COOH [32]

3. Methanogenesis [33]:

3.1. Acetoclastic methanogenesis: CH3COOH = CH4↑ + CO2 (+120 mV);
3.2. Hydrogenotrophic methanogenesis: 4H2 + CO2 = CH4↑ +2H2O (+170 mV);
3.3. Hydrogenotrophic methanogenesis: CO2 + 8H+ + 8e− = CH4↑ +2H2O (–240 mV).

Hydrolysis and acetogenesis reactions, in which long-chain fatty acids are converted
into acetate, are important for the degradation of soapstock. Methane is immediately
synthesized from acetate during the stage of acetoclastic methanogenesis.

In this regard, the goal of the study was to isolate the adapted-to-fatty-acids methanogenic
microbiome and investigate the patterns of sodium acetate and soapstock degradation with
simultaneous biomethane synthesis.

2. Materials and Methods
2.1. Design of the Experiment

Liquid household soap and sodium acetate were used as the fermentation substrates
(the only source of carbon and energy) to create the model stocks, and to study and
compare the efficiency of their degradation by methanogenic microbiome. Sodium acetate
and household soap were the model substrates and the sources of short-chain and long-
chain fatty acids respectively. The efficiency of the fermentation process was evaluated by
the level of the decrease in the concentration of dissolved organic compounds (DOC), also
counting the total carbon and biomethane yield. Two types of inoculum were used for the
degradation. The first one was the methanogenic microbiome of fermented methane tank
sludge, which was not adapted to fatty acids in high concentration. The second one was
methanogenic microbiome of fermented sludge of methane tank adapted to fatty acids in
high concentration.
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2.2. Inoculum Preparation

Fermented methane tank sludge sampled at Bortnytska Aeration Station (BAS) was
used as inoculum (Kyiv, Ukraine). It is the only sewage treatment plant within Kyiv
and a dozen other localities of the region, not only the Left Bank, but also in Vyshhorod,
Irpin, Vyshneve, Chabaniv, Kotsiubynskyy, Sofiivska, and Petropavlivska Borshchahivka.
Two inoculum variants (adapted and non-adapted to fatty acids in high concentration)
were prepared to compare the degradation efficiency of the model wastewater. The first
inoculum was a freshly sampled fermented methane tank sludge containing a diversified
community of methanogenic microorganisms. These microorganisms were not previously
adapted to grow in the presence of high concentrations of fatty acids. The second inoculum
was pre-adapted to grow in the presence of fatty acids in high concentration. For this
purpose, the fermented sludge of methane tank was cultivated in a toxic leachate obtained
after the fermentation of multicomponent food waste. The cultivation was carried out in
the anaerobic conditions in hermetically sealed jars for 30 days. The initial concentration
of dissolved organic compounds (total carbon) in the leachate was 1071 mg/L [34]. The
initial pH and Eh values of the leachate for the methanogens’ adaptation were 6.1 ± 0.3
and −120 ± 24.0 mV, respectively. Methanogens adapted to the leachate with a high
concentration of DOC, increased the pH of the medium to 8.5 ± 0.4, decreased the redox
potential to −280 ± 55.0 mV, and also synthesized methane. The culture fluid contained
metabolically active methanogens after fermentation was centrifuged [35] on a centrifuge
EZeeMini D1008 using mode 2680× g. The precipitate containing the concentrate of
adapted methanogenic microorganisms was used as the second inoculum variant for the
fermentation of the model soapstock and sodium acetate. The inoculum was added to the
experimental jars in the amount of 10% of the medium.

2.3. Fermentation Process

The process of fermentation of sodium acetate and the model soapstock was performed
in the hermetically sealed jars with a total volume of 0.5 L. Four variants of the experiment
were performed to compare the fermentation efficiency of short-chain and long-chain fatty
acids with adapted and non-adapted methanogenic microorganisms (Table 1).

Table 1. Design of the experiment.

Treatment Inoculum of Methanogens Substrate Initial DOC, mg/L

Control 1 - Soap 1000
Control 2 - Sodium acetate 1000

1 Non-adapted Soap 1000
2 Adapted Soap 1000
3 Non-adapted Sodium acetate 1000
4 Adapted Sodium acetate 1000

Non-adapted (treatment 1,3) and adapted (treatment 2,4) methanogenic microorgan-
isms were used as inoculum. Model soapstock (treatment 1,2, a source of long-chain fatty
acids) and sodium acetate (treatment 3,4, a source of short-chain fatty acid) were used
as substrates. Substrates were added into the sterile tap water to a final concentration
of dissolved organic compounds of 1000 mg/L (Table 1). Mineral salts were also added
to the model mixture as a source of essential nutrients, g/L: NH4Cl—5.0; MgSO4—0.5;
KH2PO4 —3.0. The treatments were performed using glass jars with a total volume of 0.5 L.
Liquid household soap was used as a carbon source consisting of long-chain fatty acid
salts (1000 mg/L DOC). Sodium acetate (CH3COONa) was used as the model source of
short-chain fatty acids (1000 mg/L DOC). The glass jars were filled with 0.3 L of model
mixture (sodium acetate and soapstock) containing mineral salts, substrates, and inoculums
(Table 1). The fermentation jars were closed with rubber stoppers with fittings to sample
the aliquots of culture fluid and gas and to remove the synthesized gas. Air (21% O2 and
78% N2) was the initial gas phase of the jars. The fermentation was conducted during
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72 days at 30 ◦C. The synthesized gas was removed by a plastic syringe (0.1 L volume) to
measure its volume. The effectiveness of sodium acetate and the model soapstock degrada-
tion by different types of inoculums was evaluated by the decrease in the concentration
of dissolved organic compounds (DOC). The effectiveness of fermentation process was
evaluated by the biogas (CH4, CO2) yield. The statistical analysis was carried out using
Microsoft Excel and Origin Pro 7 software. All experiments were performed in triplicate.
Each value was presented as the mean ± standard deviation (SD).

2.4. Control of the Fermentation Parameters

The metabolic parameters were determined as following [36]: pH, redox potential
(Eh, mV), total concentration of dissolved organic compounds (DOC, mg/L), total concen-
tration of NH4

+ ions (mg/L), the volume and content of the gas phase, CH4 and CO2 yield.
The pH and Eh were determined using the ionometer EZODO MP-103 with remote

electrodes Ezodo and BNC connectors—models PY41 and PO50, respectively. The reliability
of the measurements was confirmed by standard buffer solutions [36].

The determination of gas composition was performed by the standard gas chromatog-
raphy method [37]. The concentration of dissolved organic carbon (DOC) was determined
by a permanganate method [38]. The concentration of ammonium ions was determined
by photocolorimetric method via the qualitative reaction with Nessler’s reagent [39]. The
model stocks with soap and sodium acetate without inoculums were used as a control
variant of the experiment.

2.5. Determination of the Effectiveness of the Degradation Process

The evaluation of the efficiency of the degradation of the model soap stock and sodium
acetate was determined by the following parameters:

- the model soap stock and acetate degradation time (T, days)—defined as the duration
of the process from the moment of the fermentation start until its termination (the
termination of gas synthesis, etc.).

- purification efficiency—calculated as the percentage of decrease in the concentration
of DOC, %.

- biomethane yield—calculated as the amount of CH4 (L) synthesized from 1 kg of
organics counting also the dissolved organic carbon, L CH4/kg DOC.

- carbon dioxide yield —calculated as the amount of CO2 (L) synthesized from 1 kg of
organics counting also the dissolved organic carbon, L CO2/kg DOC.

3. Results
3.1. Dynamic of the Model Soapstock and Sodium Acetate Fermentation by Non-Adapted and
Adapted Methanogenic Microorganisms

The degradation of sodium acetate and model soapstock occurred during their fer-
mentation. The progress of the fermentation process is shown in Figure 1.
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The basic fermentation parameters of the model soapstock and sodium acetate fer-
mentation were obtained (Figure 2). The initial values of pH (Figure 2a), redox potential
(Eh, Figure 2b), concentration of dissolved organic compounds (DOC, Figure 2c), and
ammonium ions (Figure 2d) were approximately the same.

Energies 2022, 15, x FOR PEER REVIEW 6 of 15 
 

 

3. Results 

3.1. Dynamic of the Model Soapstock and Sodium Acetate Fermentation by Non-Adapted and 

Adapted Methanogenic Microorganisms 

The degradation of sodium acetate and model soapstock occurred during their fer-

mentation. The progress of the fermentation process is shown in Figure 1. 

 

Figure 1. The methanogenic fermentation (13 days) of sodium acetate (a) and model soapstock (b), 

as well as sodium acetate crystals (c) and liquid soap (d), which were added to fermentation jars to 

prepare model stocks. 

The basic fermentation parameters of the model soapstock and sodium acetate fer-

mentation were obtained (Figure 2). The initial values of pH (Figure 2a), redox potential 

(Eh, Figure 2b), concentration of dissolved organic compounds (DOC, Figure 2c), and am-

monium ions (Figure 2d) were approximately the same. 

 

Energies 2022, 15, x FOR PEER REVIEW 7 of 15 
 

 

 

Figure 2. The basic metabolic parameters of the sodium acetate and model soapstock fermentation 

process: (a) pH, (b) (Eh), (c) (DOC), (d) NH4+. The figure shows the dynamics of changes in metabolic 

parameters in different cases with sodium acetate and non-adapted methanogens (gray lines, treat-

ment 1), sodium acetate with adapted methanogens (green lines, treatment 2), model soapstock as 

a substrate and non-adapted methanogens (blue lines, treatment 3), model soapstock as a substrate 

and adapted methanogens (red lines, treatment 4). 

Thus, the initial pH in all variants of the experiment ranged from 6.72 ± 0.2 to 6.92 ± 

0.3 (Figure 2a). In both cases with sodium acetate (treatment 1, treatment 2), the pH in-

creased slowly for the first 20 days. Subsequently (from 28 to 72 days), the pH was stabi-

lized close to the neutral zone from 7.0 ± 0.1 to 7.4 ± 0.1 using both types of inoculum for 

fermentation (Figure 2a). The pH dynamics of the model soapstock fermentation contain-

ing long-chain fatty acids differed from the fermentation of the short-chain fatty acids of 

sodium acetate. The pH began to rise slowly on the second day of cultivation and in-

creased from 6.8 ± 0.3 (start of fermentation) to 7.1 ± 0.2 (2 days) during the fermentation 

with adapted methanogens (Figure 2a, treatment 3). The maximum pH value was 7.5 ± 0.2 

(51 days). Subsequently, the pH was decreased to slightly acidic values of 6.65 ± 0.2. In 

contrast to those that were unadapted, adapted methanogens (Figure 2a, treatment 4) 

raised the pH to a maximum of 7.9 ± 0.4 at 51 days of cultivation. Subsequently, they 

maintained a pH at a high level of not less than 7.6 ± 0.2 (Figure 2a, treatment 4). The 

increase in pH from the 20th to the 50th day of cultivation in all variants of the experiment 

(most in treatment 4, adapted methanogens) can be explained by the accumulation of am-

monium ions (Figure 2d) due to the microbial degradation of nitrogen-containing com-

pounds (biomass of microorganisms or stock components (proteins and amino acids) that 

were introduced into the jars together with the inoculum). Thus, the autoregulation of pH 

to the slightly alkaline value, which is more optimal for methanogens, was observed. 

In all variants of the experiment, the redox potential was gradually decreased to 

negative values, and were more optimal for methanogens. The maximum decrease in re-

dox potential was observed via the model soapstock fermentation with an adapted meth-

anogenic microbial community (Figure 2b, treatment 4). Thus, Eh decreased from +345 ± 

23 mV to –294 ± 29.4 mV. For a long time, Eh remained low and only from 69 to 72 days 

increased from –132 ± 33.2 mV to +236 ± 53.6 mV, respectively. That indicated the inhibi-

tion of the metabolic activity of methanogens (Figure 2b, treatment 4). The Eh did not 

decrease below –226 ± 45 mV (37 days), but the dynamics and the values of redox potential 

from 44 to 72 days in both variants were similar during the fermentation of the model 

Figure 2. The basic metabolic parameters of the sodium acetate and model soapstock fermentation
process: (a) pH, (b) (Eh), (c) (DOC), (d) NH4

+. The figure shows the dynamics of changes in
metabolic parameters in different cases with sodium acetate and non-adapted methanogens (gray
lines, treatment 1), sodium acetate with adapted methanogens (green lines, treatment 2), model
soapstock as a substrate and non-adapted methanogens (blue lines, treatment 3), model soapstock as
a substrate and adapted methanogens (red lines, treatment 4).

Thus, the initial pH in all variants of the experiment ranged from 6.72 ± 0.2 to 6.92 ± 0.3
(Figure 2a). In both cases with sodium acetate (treatment 1, treatment 2), the pH increased
slowly for the first 20 days. Subsequently (from 28 to 72 days), the pH was stabilized close to
the neutral zone from 7.0 ± 0.1 to 7.4 ± 0.1 using both types of inoculum for fermentation
(Figure 2a). The pH dynamics of the model soapstock fermentation containing long-
chain fatty acids differed from the fermentation of the short-chain fatty acids of sodium
acetate. The pH began to rise slowly on the second day of cultivation and increased from
6.8 ± 0.3 (start of fermentation) to 7.1 ± 0.2 (2 days) during the fermentation with adapted
methanogens (Figure 2a, treatment 3). The maximum pH value was 7.5 ± 0.2 (51 days).
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Subsequently, the pH was decreased to slightly acidic values of 6.65 ± 0.2. In contrast to
those that were unadapted, adapted methanogens (Figure 2a, treatment 4) raised the pH to
a maximum of 7.9 ± 0.4 at 51 days of cultivation. Subsequently, they maintained a pH at a
high level of not less than 7.6± 0.2 (Figure 2a, treatment 4). The increase in pH from the 20th
to the 50th day of cultivation in all variants of the experiment (most in treatment 4, adapted
methanogens) can be explained by the accumulation of ammonium ions (Figure 2d) due to
the microbial degradation of nitrogen-containing compounds (biomass of microorganisms
or stock components (proteins and amino acids) that were introduced into the jars together
with the inoculum). Thus, the autoregulation of pH to the slightly alkaline value, which is
more optimal for methanogens, was observed.

In all variants of the experiment, the redox potential was gradually decreased to
negative values, and were more optimal for methanogens. The maximum decrease in
redox potential was observed via the model soapstock fermentation with an adapted
methanogenic microbial community (Figure 2b, treatment 4). Thus, Eh decreased from
+345 ± 23 mV to −294 ± 29.4 mV. For a long time, Eh remained low and only from 69 to
72 days increased from −132 ± 33.2 mV to +236 ± 53.6 mV, respectively. That indicated
the inhibition of the metabolic activity of methanogens (Figure 2b, treatment 4). The Eh
did not decrease below −226 ± 45 mV (37 days), but the dynamics and the values of redox
potential from 44 to 72 days in both variants were similar during the fermentation of the
model soapstock with non-adapted methanogens (Figure 2b, treatments 3, 4). The redox
potential had a maximum decreased after 41 days from 389 ± 19.5 mV to −224 ± 41.2 mV,
but increased to +116 ± 15.8 mV after 44 days during the fermentation of sodium acetate
with adapted methanogens (Figure 2b, treatment 2). Non-adapted methanogens were
able to decrease Eh only to −144 mV for 55 days of cultivation, after which it gradually
increased to +201 ± 22 mV (Figure 2b, treatment 1). A decrease in the Eh to extremely
negative values during the growth of methanogens indicated their high metabolic activity
and correlated with an increase in the methane synthesis.

The initial values of ammonium ions’ content ranged from 1539 ± 76.9 mg/L to
2289.3 ± 114.5 mg/L. The concentration of ammonium ions’ NH4

+ (Figure 2d) increased
till 44 days of cultivation in all variants of the experiment. There was a gradual decrease
in the concentration of NH4

+ from 44 to 72 days. For example, the NH4
+ concentration

increased from 1539± 76.9 mg/L at the beginning of the fermentation to 2670± 133.5 mg/L
(44 days) during the soapstock fermentation with adapted methanogens and decreased
to 1925 ± 96.2 mg/L on the 65th day. Both salts and inocula (10% of the total model) and
biomass of microorganisms were the partial source of ammonium ions. The fluctuations
in the concentration of NH4

+ in culture medium can be explained by the simultaneous
NH4

+ consumption by growing microorganisms and the release of cation due to the lysis
of microbial biomass. Summing up, the lowest metabolic activity of microorganisms was
observed in the variant of sodium acetate fermentation with non-adapted methanogens
(Figure 2, treatment 1). Methanogens adapted to high concentrations of organic compounds
(Figure 2, treatment 2, treatment 4) increased the pH more intensively and reduced Eh to
the optimal values for their growth.

3.2. Dynamic of Sodium Acetate Stock and Model Soapstock Degradation by Methanogenic
Microorganisms

The concentration of dissolved organic compounds during the fermentation of sodium
acetate and the model soapstock was an important metabolic parameter that characterized
the level of its degradation. In addition, the ability to degrade the mixture of short-chain
fatty acids (on the example of sodium acetate) and long-chain fatty acids (on the example
of soapstock) by non-adapted and adapted to organic compounds in high concentrations
methanogens was compared. To create the same conditions for comparing the degra-
dation efficiency, the acetate and liquid soap were loaded to the model stocks to a final
concentration of total carbon of 1000 mg/L. It was shown that in all variants of the experi-
ment, a decrease in the concentration of organic compounds throughout the fermentation
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process took place (Figure 2c). The concentration of dissolved organic compounds de-
creased 2.5-fold (by 60.6%) from 1075.8 ± 53.8 (start of fermentation) to 423.5 mg/L on
the 69th day of fermentation. Furthermore, it was not changed in the variant with sodium
acetate and non-adapted methanogens (Figure 2c, treatment 1). Adapted methanogens
consumed the sodium acetate as a substrate more efficiently. Thus, there was a 4.5-fold
decrease in DOC from 1097.8 ± 102.5 to 242.8 ± 34.1 mg/L with an efficiency of 77.9%
(Figure 2c, treatment 2). Non-adapted and adapted methanogens used 64.7% and 68% of
total DOC during fermentation of the soapstock, respectively. Thus, the DOC concentration
decreased from 1031.8 ± 102.5 mg/L to 363.8 ± 36.4 mg/L (Figure 2c, treatment 3) and
from 1053.8 ± 95.6 mg/L to 337.5 ± 33.7 mg/L (Figure 2c, treatment 4), respectively. A
decrease in the DOC concentration correlated with an increase in the concentration and
yield of CH4 and CO2 (Figure 3). This indicated the presence of the optimal conditions
for the growth of methanogens (pH, Eh, temperature, etc.) and effective conversion of
substrates (sodium acetate and model soapstock) into biogas.
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(c), cumulative production of CO2 (d). The figure shows the dynamics of biogas production in
different variants with sodium acetate and non-adapted methanogens (gray lines, treatment 1),
sodium acetate with adapted methanogens (green lines, treatment 2), model soapstock as a substrate
and non-adapted methanogens (blue lines, treatment 3), model soapstock as a substrate and adapted
methanogens (red lines, treatment 4).
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Thus, the most effective degradation of organic compounds (short-chain and long-
chain fatty acids) occurred in the variant with sodium acetate and adapted methanogens
and amounted to 77.9%. In other variants, the patterns and efficiency of degradation were
similar, regardless of the type of inoculum and ranged from 60.6 to 68%.

3.3. Biogas Production from Sodium Acetate and Model Soapstock by Methanogenic Microorganisms

Simultaneously with microbial degradation of the model soapstock containing syn-
thetic organic compounds via methanogenic fermentation, both adapted and non-adapted
methanogens produced biogas (mixture of CH4 and CO2). The maximum concentration
of CH4 in all variants of the experiment ranged from 40.8 ± 5.2 (Figure 3, treatment 1) to
82.7 ± 9.8% (Figure 3, treatment 4).

Adapted methanogenic microorganisms synthesized methane more intensively than
non-adapted ones. Thus, the concentration of CH4 during model soapstock fermentation
by adapted methanogens was 52.3 ± 5.6% on day 20 and 82.7 ± 9.8% on day 44 (Figure 3a,
treatment 4). A significantly lower intensity of methane synthesis was observed during
the fermentation of soap with non-adapted methanogens (Figure 3a, treatment 3). Thus,
on the 20th day the methane concentration was 7.9 ± 2.1%, and on the 51st day it was
only 54.1 ± 12.5%. Thus, there was a significant difference in the synthesis of biogas
by adapted and non-adapted methanogens. The process of adaptation of the inoculum
to the high concentration of organic compounds (especially fatty acids) is described in
Section 2.2 (preparation of the inoculum). Adapted methanogens also synthesized methane
more intensively during the fermentation of sodium acetate. Thus, the maximum methane
concentration was 74.7 ± 23.7% (Figure 3a, treatment 2). The maximum CH4 concentration
was only 40.8 ± 5.2% during fermentation of CH3COONa by non-adapted methanogens
(Figure 3a, treatment 1).

The concentration of CO2 was also high in all variants of the experiment (Figure 3b).
Most of the carbon dioxide was synthesized via fermentation of sodium acetate. For
example, the concentration of carbon dioxide was 91.6 ± 6.8% on day 37, and methane was
only 6.6 ± 0.3%. The decrease in the concentration of CO2 was correlated with the increase
in the concentration of CH4 in all variants of the experiment. During the fermentation
of the soapstock, much less carbon dioxide was synthesized. Thus, the maximum CO2
concentration was reached on day 16 and amounted to 60.8 ± 3.1% in the variant with
adapted methanogens. However, it decreased to 34.8 ± 3.9% (Figure 3b, treatment 4) on
the 23rd day when the methane concentration rose to 61.1 ± 10.5% (Figure 3a, treatment 4).
The concentration of CO2 decreased starting from 40 days of cultivation. The concentration
of methane increased in this time. Since CO2 can serve as a substrate for methane synthesis,
the simultaneous decrease in the CO2 concentration with the increase in the CH4 is quite
natural. Thus, the balance shifted from 35–40% CH4/60–65% CO2 (before 40 days) to
approximately 60–65% CH4/35–40% CO2.

The efficiency of the fermentation process was also evaluated by the synthesis of the
biogas. The total volume of synthesized gas in all variants ranged from 115–256 mL. The
gas mixture consisted of CH4 and CO2. The gas yield was calculated as the amount of
CH4 (L) synthesized from 1 kg of DOC. Most biomethane was synthesized by adapted
methanogens using soap and sodium acetate as substrates. Thus, the CH4 yield was
368.4 L/kg DOC or 127.5 L/kg of soap (treatment 4, Table 1). The biomethane was syn-
thesized by adapted methanogens a little less from sodium acetate—330.9 L/kg DOC or
96.8 L/kg of CH3COONa (treatment 2, Table 1). Much less biogas was synthesized by
non-adapted methanogens from both sodium acetate (treatment 1) and soap (treatment 3).
Thus, the CH4 yield was 120 L/kg DOC or 35.2 L/kg of CH3COONa (treatment 1) and
197.6 L/kg DOC or 68.3 L/kg of soap (treatment 3) were synthesized.

The least carbon dioxide was formed in the variant of the soap fermentation with
adapted methanogens (the most energy-efficient variant in methane production). In this
case, the yield of CO2 was 149.3 L/kg DOC or 51.7 L/kg of soap (treatment 4). The highest
CO2 yield was in treatment 1–222 L/kg DOC or 64.9 L/kg of CH3COONa.



Energies 2022, 15, 6556 10 of 13

4. Discussion

The advantages of our study are as follows. We used a diversified microbial commu-
nity, which contained different physiological groups of microorganisms capable of carrying
out all stages of the transformation of organic matter into the final products, CH4 and CO2.
We carried out additional adaptation of methanogens to toxic leachate and proved that
the studied microbial community is able to quickly adapt to fatty acids in high concen-
trations. We have shown that methanogens are able not only to synthesize high-energy
fuel biomethane by fermenting soap (alkaline salts of fatty acids), but also to degrade fatty
acids and soapstock with high efficiency (up to 77.9%). Similar studies are not available in
scientific sources. To improve the efficiency of the fermentation process, we did not use
additional substrates or enzymes, which is now common in the available literature.

The experimental results show the high efficiency (60.6–77.9%) of soapstock degra-
dation. In addition, adapted methanogens synthesized more biogas from sodium acetate
and model soapstock than non-adapted to fatty acid substrate. For example, adapted
methanogens synthesized 368.4 L/kg DOC or 127.5 L/kg of soap. Thus, it was experi-
mentally confirmed that the microbial community of fermented methane tank sludge is
promising for application in the biotechnologies of bioremediation and biogas synthesis.
The main reason for this is the presence of diversified microorganisms of different physio-
logical and taxonomic groups in such communities. Thereby such communities relatively
easily adapt to the substrates (fatty acids, oils, etc.) and contribute to their intensive con-
version with biogas production [40]. It is a proven fact that the application of municipal
waste sludge improves the conversion of fats, oils, and grease. In this case, the adaptation
of the microbial community was due to autoselection of Methanosaeta and Methanospirillum,
for which the conditions were favorable and the substrate was suitable [40]. Other studies
are known where the mechanisms of adaptation of microorganisms to the presence of fatty
acids toxic to most bacteria in the bioreactor are established at the molecular level. The
metagenomic analysis showed that only the microbes associated with long-chain fatty acids
(LCFA) degradation could encode proteins related to “chemotaxis” and “flagellar assem-
bly”, which promoted the ability to move towards the LCFA sources and degrade them [41].
Finally, it was proven that a previously adapted to LCFA inoculum is more efficient in the
degradation process of LCFA due to the specialization of the microbial community [41]. In
our study, we combined both the application of a diversified microbial community and its
pre-adaptation to the similar substrate to increase the efficiency of degradation of sodium
acetate (short-chain fatty acid) and model soapstock (source of long-chain fatty acids). In
our case, the goal was to purify model stocks from organics (to minimize the concentration
of organic compounds) and obtain an energy source—biomethane. Nowadays, household
soap consists of synthetic organic compounds, so it is more difficult to degrade it by mi-
croorganisms and obtain biogas than from substrates of natural origin. Synthetic soaps and
detergents are surfactants and, as such, they have detergent properties. Soap’s chemical
properties explain its antimicrobial action. Due to its amphiphilic structure, it is able to
interact with the lipid membranes of microorganisms (viruses, bacteria, etc.) and inactivate
them [42]. However, it is known that bacteria of Corynebacterium, Pseudomonas, and Bacillus
species are able to use soap as the only source of carbon and energy [43]. There are also
many other types of microorganisms that can use fatty acids and soap as a substrate. For ex-
ample, Proteus, Acinetobacter, Enterobacter, Staphylococcus, Bacillus, Pseudomonas, Arthrobacter,
Corynebacterium, and Micrococcus [44]. Thus, aerobic processes using aerobic and facultative
anaerobic microorganisms are used to transform soap waste. We used methane tank sludge
as an inoculum for sodium acetate and soapstock fermentation to degrade them. We have
shown that the growth of the non-adapted methanogenic microorganisms in soapstock was
not inhibited, as was the growth of the pre-adapted methanogens. This can be explained
by the presence of synthetic soaps and other detergents in municipal wastewater in high
concentrations [45], which are usually loaded into methane tanks for recycling. Thus,
the initial inoculum was also partially adapted and capable of degrading the fatty acids
that form the basis of soap. It has been known since the 1930s that methane fermentation
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has often been used for the conversion of glycerol [46,47] or organic fatty acids (separate
components of the soap) into biogas [48]. We have shown that methanogens are able not
only to synthesize high-energy fuel biomethane by fermenting soap (alkaline salts of fatty
acids), but also to degrade fatty acids and soapstock with high efficiency (up to 77.9%).
Similar studies are not available in scientific sources. Further development in this direc-
tion will contribute to the development of biotechnologies of contaminated wastewater
purification from organic compounds and the development of new alternative methods of
biogas production, such as methane fermentation of synthetic organic compounds. The use
of fossil fuels (methane, oil, etc.) is undergoing an unprecedented crisis. There is the urgent
need to search for alternative energy sources. The degradation of organic compounds
by a methanogenic microbiome is the promising approach used for the decomposition of
organics in landfills to obtain biomethane [26,27,49]. However, the sources of organics to be
degraded are much wider and can be effectively used to provide energy as well as prevent
environment pollution [49].

The pretreatment of soapstock with expensive additives, such as enzymes, to increase
the efficiency of degradation is now widespread [50,51]. Commercial enzymes [50] or
special strains of microorganisms are used for this purpose. For example, Staphylococcus
haemolyticus was used to perform enzymatic hydrolysis of lipids [51]. Herein, no additional
substances were used to increase the efficiency of fermentation and purification. We used a
diversified microbiome containing microorganisms with different types of metabolism, as
well as a wide range of enzyme activity, as an inoculum. In addition, we obtained a very
high methane yield, which was 368.4 L/kg DOC for soapstock fermentation. In the other
study, the methane yield was only 45.4 L/kg-COD after soybean oil refinery wastewater
treatment with microbial fuel cells and microbial electrolysis cells at high organic loading
(2900 ± 100 mg/L COD) [52]. The efficiency of wastewater degradation in our experiment
ranged from 60.6 to 77.9%, which is somewhat lower than using chemical [53] and physi-
cal [54] methods (80–99%). However, further research on process optimization will allow
the efficiency of soapstock degradation to be increased.

5. Conclusions

The results of this study demonstrated the potential of methanogenic microorganisms
in the degradation of sodium acetate and soapstock with the simultaneous biogas synthesis
in high amounts. The use of adapted methanogens in the fermentation resulted in the
increase in the efficiency of the degradation of the investigated substrates and biomethane
production. Since the methanogens fermented and degraded the soapstock with high
efficiency, further research of the patterns and mechanisms of industrial synthetic soap-
stock purification is needed to determine the most effective way of toxic synthetic organic
wastewater purification. Further development of this technology is promising for the pu-
rification of wastewater and to reduce the reliance on fossil fuels by generating biomethane
via the fermentation of toxic soapstock containing long-chain and short-chain fatty acids.
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