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© Abstract. The study of the degree of degradation of pollutants in the process of anaerobic digestion and their content
in digestate is an urgent scientific issue driven by the necessity to confirm the safety of using this product as a biofertilizer
to improve the quality of agricultural land. The aim of the article was to determine the efficiency of the degradation of
pollutants in the process of anaerobic digestion with the use of various additional treatment methods. A meta-analysis was
conducted to establish the patterns of pollutant degradation during anaerobic digestion under different conditions and
with the application of additional process intensification technologies (ultrasound, the use of chemical reagents and carbon
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cloth, interspecies electron transfer, immobilisation of microalgae, etc.). The reliability of the selected hypotheses and the
statistical significance of the obtained data were determined using statistical analysis methods. It was found that additional
treatment methods allow to increase in the efliciency of degradation of organic pollutants in mixed organic waste by 180%
(direct interspecies electron transfer), in animal waste by 115% (alkaline pre-treatment), and in wastewater sludge by 55%
(by treating them in a thermophilic aerobic reactor together with anaerobic digestion). The efficiency of the immobilisation
of microalgae technology, which provides for the removal of pollutants from the liquid fraction of digestate, is 135%. The
presence of a synergistic effect of additional methods of feedstock treatment has also been established, which is illustrated
by an increase in the amount of methane production by 98.88-261.56%, depending on the type of waste and the treatment
method. The results obtained prove the high efficiency of additional treatment technologies. The practical significance
of the results obtained lies in the proven synergistic effect of using additional methods of treatment of feedstocks and
digestate due to an increase in the level of degradation of organic pollutants with the production of environmentally safe
fertilizer and an increase in biogas yield

© Keywords: biogas production; digestate; hazardous chemicals; organic waste; pre-treatment; sustainable development;

substrate

@ Introduction

The issue of environmentally safe handling of organic waste
is quite relevant in terms of environmental safety and envi-
ronmental protection technologies. The technology of an-
aerobic digestion of waste for the production of biogas and
digestate is becoming widespread in the world as a whole.
Due to its physicochemical and microbiological properties,
digestate has found extensive use as a fertilizer in Europe-
an countries. For Ukraine, with its developed agriculture
sector, the use of digestate as an organic or organo-mineral
biofertilizer and an alternative to mineral fertilizers is jus-
tified from the point of view of environmental protection,
conservation of natural resources and the economic effect
obtained, which is especially relevant in the conditions of
martial law. However, the digestate must meet quality and
environmental safety standards, therefore, it is necessary to
research the content of pollutants that were originally con-
tained in the feedstock and to study the processes of their
transformation during anaerobic digestion.

According to the research of K. Chojnacka & M. Cho-
jnacki (2023), biogas technology is quite effective and prom-
ising in terms of solving the problem of waste utilisation
with the production of useful products in the form of biogas
and digestate, which fits into the framework of the circular
economy and ensures the production of renewable energy
sources. Biogas can be used for cogeneration of thermal and
electricity, as well as in gas networks as a substitute for nat-
ural gas, which is quite relevant for Ukraine and is under-
going development. K. Pilarski et al. (2023) note that with
the help of various biogas post-purification technologies to
biomethane, it is used as fuel for various types of transport
in Europe. TM. Cabrita & M.T. Santos (2023) showed in
their research that a wide range of organic feedstock can be
used for anaerobic digestion. Substrates should be grouped
by type according to their origin: animal waste (cattle ma-
nure, pig manure, chicken manure), plant waste (corn silage,
energy crops, other lignocellulosic materials), food waste,
and sewage sludge. Ye. Chernysh et al. (2021) analysed
the trends regarding prospective feedstock for biogas pro-
duction in Ukraine, based on the assessment of the actual
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generated waste volumes and forecasts for the future, it was
established that animal husbandry waste together with plant
biomass will occupy leading positions. At the same time, the
practice of using sewage sludge for anaerobic digestion is
not developed in Ukraine, although, as noted in the work of
V. Vambol et al. (2022), it is a quite promising and environ-
mentally safe way of handling these types of waste in Europe.

Various technological and operational approaches are
employed to enhance biogas production, including the
regulation of physicochemical parameters of the process
with the identification of inhibitory factors. Among these,
M. Kumar et al. (2023) investigated the pH of the medium,
the content of volatile substances, and heavy metals. V. Rip-
oll et al. (2022) noted the effectiveness of using mixed feed-
stock to improve the quality of digestate. Simultaneously,
E. Nordell et al. (2022) studied the positive impact of addi-
tional digestate treatment technologies, including thermal
post-treatment of digestate with simultaneous pasteurisa-
tion on the organic matter content in digestate and biogas
yield. A valuable by-product of biogas technology is diges-
tate, which is effectively used as a biofertilizer. A.M. Garcia-
Lépez et al. (2023) demonstrated in their research that di-
gestate can increase crop yields, as well as restore soils and
improve their properties. Research involving R. Bouaita et
al. (2022) indicates that depending on the type of feedstock
used for anaerobic digestion, digestate may contain certain
pollutants. Therefore, the issue of the environmentally safe
use of digestate as a biofertilizer arises, which is regulat-
ed by relevant directives and quality standards for organic
fertilizers within each state or at the level of the European
Union. However, L. Hammer & L. Palmowski (2021) noted
that a significant portion of organic pollutants are degraded
during anaerobic digestion, which contributes to a decrease
in their concentration in digestate compared to the input
feedstock. At the same time, the extent of degradation of
these or other substances varies depending on factors such
as the chemical nature of the substance, its concentration,
operational-technological parameters of the process, mi-
crobiological activity, and environmental conditions in the
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bioreactor, the application of additional substrate pre-treat-
ment and digestate post-treatment technologies. Moreover,
the process of anaerobic digestion, having significant po-
tential for the degradation or binding of pollutants, can be
used for the purification of polluted environments and the
environmentally safe disposal of waste.

These questions are of scientific interest and relevance
to the problem being studied, as the level of environmental
safety of digestate and compliance with quality standards
will affect its scope of application and the use of its beneficial
properties. The aim of the study was to establish the patterns
and effectiveness of the degradation of various pollutants in
the process of anaerobic digestion of organic feedstock. To
achieve this goal, the research tasks were set as follows: to
conduct a meta-analysis and systematise information on the
content of organic pollutants in the substrate for anaerobic
digestion; to investigate the effectiveness of the degradation
of various organic pollutants during anaerobic digestion,
as well as with the use of various additional technologies;
to analyse the additional benefits of using additional tech-
nologies and provide appropriate recommendations for the
directions of further experimental research. The scientific
novelty of the obtained results lies in the determination, on
the basis of the conducted meta-analysis, of the high effi-
ciency of the direct interspecies electron transfer method in
the process of anaerobic digestion of mixed organic waste
and the method of immobilisation of microalgae during the
post-treatment of the liquid fraction of digestate in relation
to the removal of organic pollutants, as well as the pre-treat-
ment of animal waste with strong alkali and alkaline hydro-
gen peroxide additionally to intensify their digestion.

© Materials and Methods

The methodological basis of the study was chosen as a me-
ta-analysis, which involved searching for scientific articles
on the relevant topic, a comparative-descriptive analysis
of the results of various studies to establish the patterns of
degradation of pollutants in the process of anaerobic diges-
tion under different conditions and with the use of selected
additional technologies for process intensification. Statis-
tical analysis of the obtained results was also conducted
to determine the reliability of the chosen hypotheses and
the statistical significance of the data. At the first stage
of the study, a search for relevant scientific literature was
conducted, and at the same time, the focus was on articles
published in the period 2015-2024 and indexed by the in-
ternational scientometric database Scopus, based on the
following code.

TITLE-ABS-KEY (“organic pollutant*” AND degrada-
tion AND “anaerobic digestion”)

AND (LIMIT-TO (DOCTYPE, “ar”))

AND (LIMIT-TO (LANGUAGE, “English”))

As a result of the search, 136 publications were found.
After analysing each article, clarifying the direction of the
research and the availability of the necessary results, the
sample for meta-analysis was limited to 50 original articles.
The frequency of occurrence of articles on the research
topic, according to the search code and the results of the
extended analysis, in individual journals ranged from 8 to
1. The number of journals with more than three articles
published during the study period from 2015 to 2024 was
six, as shown in Figure 1, constructed using the analytical
tools of the Scopus database.
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Figure 1. Quantitative distribution of ar

ticles by research topic in the context

of individual journals indexed by the Scopus database for the period 2015-2024

Source: created by the authors

| 26 Ecological Safety and Balanced Use

of Resources, 2024, Vol. 15, No. 1



Based on the selected articles, a bibliometric network was
constructed and visualised using the VOSviewer software
(version 1.6.20). As a result of the analysis of the obtained
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network, clusters were identified by keywords describ-
ing four research directions (Table 1; Fig. 2). Further me-
ta-analysis was conducted based on the identified clusters.

Table 1. Clusters of research areas on the degradation of pollutants during anaerobic digestion
of waste according to keywords in articles published in Scopus in 2015-2024

Red cluster Blue cluster

Green cluster Yellow cluster

Anaerobic digestion of organic .
The fate of organic pollutants
waste as one of the approaches

during anaerobic digestion and

to waste management (sewage

sludge) and biotransformation
) at each stage of the process
of organic pollutants

the influence of various factors .
pollutants; toxicity of pollutants

Factors, parameters and .

. . . Mechanisms and patterns of

role of microbial activity for ) .
) . ) organic pollutants degradation

biodegradation of organic . .

during the process of anaerobic

. . digestion of feedstock
for metagenic bacteria

Source: created by the authors
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Figure 2. Visualisation of the bibliometric network based on the frequency
of occurrence of > 5 keywords in articles on pollutant degradation during anaerobic digestion
of organic waste published in Scopus in 2015-2024

Source: created by the authors

In the second stage of the research, based on the data-
set obtained from the analysed articles, the level of removal
of organic pollutants from the anaerobic digestion system
was assessed, which allowed the establishment of the efhi-
ciency of substance degradation in anaerobic bioreactors.
Within the framework of the analysis of the research re-
sults, the following independent factors were identified:
substrate type, the chemical nature of the substance, and
the peculiarity of the method (technology). The effective-
ness of this process was evaluated by the absolute values of
concentrations or by such an indicator as chemical oxygen
demand (COD). The effectiveness of the removal (degra-
dation) of organic pollutants in the process of anaerobic
digestion of the substrate and the effectiveness of the use
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of additional technologies for the removal of substances in
relation to anaerobic digestion (control) were evaluated in
accordance with the formulas:

_ Cqg—Cs

Erem =~ X 100%; (1)
E, = 24754t » 100%, @)
s=Cat

where E_ is the efficiency of removal (degradation) of or-
ganic pollutants in the anaerobic digestion process, %; C,
is the concentration of organic pollutants in the digestate,
mg/g; C_ is the concentration of organic pollutants in the
substrate, mg/g; E, is the efficiency of applying additional
technologies for substance removal relative to anaerobic

27 |



The efficiency of organic pollutants degradation...

digestion as a control, %; C, is the concentration of organ-
ic pollutants in the digestate when additional technology
is applied, mg/g. The following technologies were subject-
ed to the most thorough investigation. One of the studied
technologies for the chemical pre-treatment of lignocellu-
losic feedstock in animal waste is alkaline treatment using
strong alkali, such as NaOH and alkaline hydrogen perox-
ide. Alkaline pre-treatment ensures the breakdown of cel-
lulose by an average of 14.8 £0.1% and prevents inhibition
of anaerobic digestion by furan by-products, according to
the research of J.R. Kim & K.G. Karthikeyan (2021). The
method of direct interspecies electron transfer as an addi-
tional technology in the process of anaerobic digestion of
substrates is used with the application of various conduc-
tive materials. This approach is based on extracellular elec-
tron exchange through physical contact between micro-
organisms, which replaces chemical indirect interspecies
electron transfer (Hassanein & Lansing, 2022).

In the third stage of the research, the additional advan-
tages of using technologies for the anaerobic degradation
of organic pollutants were evaluated. In this process, the
efficiency of anaerobic digestion for a particular type of
substrate was determined based on the volume of methane
produced. Theoretical values of the biomethane potential
for various substrates, using literature data on the effective-
ness of the aforementioned methods, were calculated using
the approach described in by S. Weinrich et al. (2018). The
elemental composition of substrates for anaerobic diges-
tion was calculated as an average based on literature data.
Statistical analysis of the dataset obtained from the me-
ta-analysis was performed using the MS Excel and Statis-
tical Package for the Social Sciences (SPSS) software (IBM
SPSS Statistics, version 29.0.0.0). Data processing regarding
the removal level of various groups of organic pollutants
in the anaerobic digestion process of feedstocks of differ-
ent origins and with the use of additional technologies was
carried out using the analysis of variance (ANOVA) (Fu et
al., 2019). In this process, differences between data from
different categories (substrate type, substance type, and
type of additional technology or its absence) were evalu-
ated. For post-hoc analysis, the Tukey honestly significant
difference test (HSD) was used to establish a statistically
significant difference between the data (p <0.05). If the sig-
nificance level value was p <0.05, the null hypothesis, which
assumed the absence of differences between the data, was
rejected, and the difference between the results was accept-
ed as statistically significant. For each value of the addition-
al technology’s efficiency compared to anaerobic digestion
(control), the standard deviation was calculated.

Statistical processing of the data regarding the effec-
tiveness of additional technologies in terms of biomethane
potential was carried out using the chi-square method,
which involved calculating the chi-square statistic with the
consideration of the sample size and degrees of freedom
(Aslam & Smarandache, 2023). The chi-square goodness-
of-fit test uses sample data to test the hypothesis about the
necessary proportions of the distribution of different values,
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and this test determines how well the obtained values with-
in the sample correspond to the necessary proportions of
values specified in the null hypothesis. In this process, the
hypothesis about the distribution of technology efficiency
over time depending on the stage of anaerobic digestion
during the biomethane potential test was tested. The null
hypothesis assumed that the distribution of effectiveness
for the studied technologies over time is not uniform (nor-
mal). Calculations were performed based on the data ob-
tained during the meta-analysis. The authors conducted
scientific research within the framework of the Research
Plan of the Department of Ecology and Environmental
Protection Technologies of Sumy State University, Sumy,
Ukraine, on the topics “Assessment of technogenic load in
the region during changing the industrial infrastructure”
(state registration No. 0121U114478) and “Reduction of
technogenic load on the environment from oil production
facilities: prospects for the use of biotechnology” (state reg-
istration No. 0121U114460) in accordance with the scien-
tific and technical programme of the Ministry of Education
and Science of Ukraine.

© Results and Discussion

Characterisation of organic pollutants in groups

of substrates used for anaerobic digestion

Substrates used for biogas production and derived from
various waste origin contain certain contaminants that
enter the feedstock through natural and anthropogenic
pathways. Pollutants transfer into animal wastes from food
products, including heavy metals and polycyclic aromatic
hydrocarbons (PAHs) (Liu et al., 2023b), or from animal
husbandry practices (antibiotics, hormones, pharmaceuti-
cals) as demonstrated in studies by X. Zhou et al. (2020)
and L.G. Marutescu et al. (2022). Lignocellulosic materials
can contain pesticides, heavy metals, and radionuclides due
to the application of agrochemicals and mineral fertilizers.
Additionally, during cultivation, transportation, process-
ing, and other agricultural activities, films, woven bags,
mesh covers, and some plastic pipes and plates are often
used, and some of these may remain in agricultural waste.
The study by O. Golovko et al. (2022) found that food waste
contains heavy metals, pathogens, and organic micropol-
lutants, including chemicals such as pharmaceuticals and
pesticides, which raises concerns. Sewage sludge is the most
contaminated feedstock for anaerobic digestion among
other types of substrates (Gizaw et al., 2024), as confirmed
by the authors’ literature search in the Scopus database. At
the same time, this type of substrate is most often used in
combination with other types of organic substrates of ani-
mal or plant origin (Malovanyy et al., 2022) to balance the
chemical composition of the feedstock and create favoura-
ble conditions for bacterial metabolism. The most toxic are
persistent organic pollutants (Ko$ndt et al., 2023), which
pose a high risk to human health (Beduk et al., 2023). How-
ever, as mentioned above, pollutants are degraded in the
process of anaerobic digestion, which completely or par-
tially prevents their transition to digestate (Table 2).
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Table 2. Characteristics of pollutants in feedstocks for anaerobic digestion of different origin

Type of substrate .
Presence in the
(feedstock . Reference to the source
. Pollutants digestate )
for anaerobic of literature
. . (yes/no)
digestion)
Tetracycline, oxytetracycline, benzene, toluene yes Z. Liu et al. (2023b)
Antibiotics yes (10%) W. Liu et al. (2023a)
Animal waste Sulfamethazine yes B.M. Oliveira et al. (2019)
Tylosin yes (10%) A.G.D.O. Paranhos et al. (2022)
Polychlorinated biphenyls (PCBs) no 1. Visniauské et al. (2018)
PAHs, PCBs, organochlorine pesticides (OCPs) yes Z. Ko$néf et al. (2023)
Phenolic and fatty compounds from an oil no Y. Boubhia et al. (2023)
Personal care products (fragrances, UV filters, )
o . yes M. Biel-Maeso et al. (2019)
antimicrobials, surfactants), PAHs and PCBs
Alkylphenols, phthalates, PAHs, pharmaceutical waste,
hormones, perfluorinated acids, linear alkylbenzene yes D. Patureau et al. (2021)
Sewage sludge sulfonates and PCBs
Pharmaceuticals, stimulants, antibiotics yes I. Gonzalez-Salgado et al. (2020)
Pharmaceutical products yes A. Barreiro et al. (2022)
PCBs and OCPs yes Z. Kos$nér et al. (2023)
PCBs yes L. Visniauske et al. (2018)
Octocrylene no D. Fu et al. (2019)
Microplastic (di(2-ethylhexyl) phthalate and phthalate) no N. Estoppey et al. (2024)
PCBs yes K. Barcauskaité (2019)
Agricultural Chlorophenol yes S.S. Ali et al. (2020)
residues and crops Hexachlorobenzene, humic acid yes C. Liu et al. (2021)
Microplastic (di(2-ethylhexyl) phthalate and phthalate) no N. Estoppey et al. (2024)
PLA plastic yes K.K. Porterfield et al. (2023)
Food waste Microplastic (di(2-ethylhexyl) phthalate and phthalate) yes N. Estoppey et al. (2024)
Bioplastics yes A. Kosheleva et al. (2023)

Source: created by the authors

Based on the data in Table 2, it was determined that
there is a certain specificity regarding the content of vari-
ous pollutants in digestate depending on the type of feed-
stock. Six groups of organic pollutants have been identified:
antibiotics (sulfamethoxazole, trimethoprim, erythromy-
cin, roxithromycin, cephalexin, ciprofloxacin, metronida-
zole, trimethoprim, sulphadoxine); personal care products
(fragrances, UV filters, antimicrobial agents, surfactants);
industrial chemicals (perfluorinated acids, linear alkylb-
enzene sulfonates, polycyclic aromatic hydrocarbons, pol-
ychlorinated biphenyls, bisphenol A, alkylphenols, phtha-
lates, organochlorine compounds, azo dyes); pesticides
(chlordane, dieldrin, diuron, endrin, heptachlor, hexa-
chlorobenzene, pentachlorophenol); stimulants (caffeine);
pharmaceuticals (anti-inflammatory drugs (ibuprofen,
naproxen, and diclofenac), neuropsychiatric drugs (fluox-
etine, carbamazepine, citalopram, and diazepam)); hor-
mones (estrone, 17p-estradiol, and 17a-ethinylestradiol]).
Moreover, a separate research area has established the appli-
cation of the anaerobic digestion process for the purification
of industrial wastewater contaminated with a wide range
of organic compounds according to the specifics of the
technological process. Given the wide range of pollutants

present in the most common feedstock for anaerobic diges-
tion in bioreactors aimed at biogas production, and the im-
portance of environmentally safe valorisation of digestate in
agriculture, there is an urgent necessity to research the deg-
radation efficiency of these substances and assess their con-
tent levels in the final product. In addition, in the context
of solving the problem of transformation of such a group
of substances as persistent organic pollutants, in particular,
pesticides, which have been found mainly in sewage sludge
and agricultural feedstock (Table 2), the study of the possi-
bility of using additional technologies is seen as necessary.

Removal and degradation of organic pollutants

in the process of anaerobic digestion

and with the use of additional technologies

Based on the conducted meta-analysis, anaerobic diges-
tion was evaluated in terms of the efficiency of degrading
various pollutants within specific substrates, which accord-
ingly contributes to the purification of the feedstock and
enables the production of environmentally safe fertilizers
from digestate. Thus, a statistically significant high poten-
tial of anaerobic digestion was established for the removal
of stimulants at the level of 100% and antibiotics (60%),
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an average level for pesticides and pharmaceuticals (30-
50%), but a low level for personal care products and in-
dustrial chemicals (0-25%) on average for all types of
substrates. Therefore, the challenge arises in finding ad-
ditional technologies to intensify the degradation process
of organic pollutants to reduce their concentration in the
resulting digestate.

J.R. Kim & K.G. Karthikeyan (2021) found that strict
pre-treatment conditions with strong alkali and alkaline
hydrogen peroxide, as well as the impact of furane-derived
lignocellulose by-products on cow manure, increased the
anaerobic digestion efficiency of cow manure itself by
286%. At the same time, A.K. Rathankumar (2022) evalu-
ated the high efficiency (up to 94%) of alkaline treatment of
solid organic substrates contaminated with a wide range of
concerning pollutants, in terms of removing 10 pesticides
and 13 pharmaceuticals. Meanwhile, L. Wu et al. (2023)
found that the use of direct interspecies electron transfer
using various conductive materials increases the efficien-
cy of anaerobic degradation of various persistent organ-
ic compounds in mixed organic waste by approximately
97%. At the same time, S. Mumtaz et al. (2023) determined
the level of degradation of organic matter using the direct
electron transfer method in a mixed substrate based on
buffalo manure as the main co-substrate and plant waste
as the additional one, and the efficiency of this process,
evaluated as the level of COD removal, was 31.18%. In
contrast, X. Lu et al. (2018) noted the positive effect of iron
oxide-zeolite on the anaerobic digestion of complex or-
ganic waste, as a result of which the degradation efficiency
increases by 74.8%. In addition, B.M. Oliveira et al. (2019)
showed that the use of an additional carbon source in the
form of glucose, fructose, sucrose, and meat extract during
anaerobic digestion of waste contributes to an increase in
biodegradation of the veterinary antimicrobial agent sul-
famethazine from 39% to 54-61%, respectively.

It is worth noting that in the case of using anaerobic di-
gestion for wastewater treatment, the effective application
of additional technologies alongside the digestion process
has been demonstrated. Y. Xiao et al. (2023) demonstrated

the effectiveness of using titanium nanofibers for the deg-
radation of organic pollutants in feedstock based on chick-
en manure and wheat straw waste, using the dynamics of
volatile fatty acid indicators, COD, and decolourisation
rate, the removal levels of which were 72.9%, 59.1%, and
66.8%, respectively. D. Feng et al. (2022) noted that the
use of carbon cloth has a positive effect on the anaerobic
digestion of high-concentration organic wastewater under
different mixing conditions, increasing the efficiency of
this process by 23%. K.-H. Phan et al. (2024) noted the
high efliciency of anaerobic degradation of various azo
dyes under thermophilic conditions, in particular, the re-
moval of the azo dye mixture under thermophilic condi-
tions was 6.7% higher than under mesophilic conditions.
Instead, C. Liu et al. (2021) argue that the use of hydragric
acrisol together with humic acid and urea increases the
efficiency of anaerobic degradation of hexachlorobenzene
by 71.3%. W. Gong et al. (2019) demonstrated the high ef-
ficiency (94.05%) of purification of the liquid fraction of
digestate obtained after anaerobic digestion of waste using
various technologies that involve the immobilisation of
microalgae. In the study involving S.S. Ali et al. (2020), it
was found that bacteria from the Methanosataceae family
can have a positive effect on the anaerobic breakdown of
woody biomass, as well as the detoxification of chlorophe-
nols, increasing the efficiency of these processes by 113.7%.

Thus, the above-mentioned studies noted the posi-
tive role of applying various technologies in relation to
increasing the efficiency of anaerobic degradation of a
specific organic compound. Accordingly, there is a task
of systematising and determining effective pre-treatment
or post-treatment technologies depending on the type of
feedstock used for anaerobic digestion. In the process of
studying the effectiveness of degradation (removal) of or-
ganic pollutants, additional technologies are divided into 3
categories in relation to anaerobic digestion: pre-treatment
of the substrate, compatible with digestion, and post-treat-
ment of digestate (Fig. 3). When evaluating digestate
post-treatment technologies, differences were found de-
pending on the processed fraction.

sultrasound

» mechanical impact
o pasteurisation
sthermal hydrolysis
s alkaline treatment

Pre-treatment of the substrate Compatible with anaerobic digestion Post-treatment of the digestate

«direct interspecies electron transfer
saddition of iron oxide-zeolite

« thermophilic aerobic reactor
»addition of polymers

saddition of enzymes

«immobilisation of microalgae

s pyrolysis of solid fraction to produce
biochar

sultrasound
e mechanical impact
epasteurisation

s composting

Figure 3. Systematisation of methods to intensify the process
of pollutant degradation during anaerobic digestion of organic waste

Source: created by the authors
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Based on the meta-analysis, the average efficiency
of additional technologies for the removal of substances
during the anaerobic digestion process itself was calcu-
lated. All the investigated methods and approaches were
systematised within three types of fermentable substrates:
mixed organic waste, waste of animal origin, and sewage
sludge. The efficiency of specific methods was investi-
gated for each type of substrate with the identification

Paramonov et al.

of the technology type, as per Figure 3, for the identified
groups of organic pollutants: antibiotics; personal care
products; industrial chemicals; pesticides; stimulants;
and pharmaceuticals. Table 4 presents the results of the
study on the identified methods and provides the effec-
tiveness values of the relevant technologies in addressing
the problem of anaerobic degradation of a complex of
various organic compounds.

Table 4. Systematisation of methods that increase the efficiency of anaerobic degradation
of a complex of different organic compounds

Group of Name of the applied )
Type of substrate Type of technology Technology efficiency*, %
pollutants technology
Direct interspecies electron
AB,IC 180.00 £ 43.2
transfer Compatible with AD
Mixed organic " ) - -
Addition of iron oxide-zeolite 14.00 £ 4.3
waste
P Immobilisation of microalgae 135.00 + 14.6
- Post-treatment
Composting 31.15+6.8
Waste PP AB Alkaline treatment Pre-treatment 114.65 + 28.7
of animal origin ’ Pasteurisation Pre- and post-treatment —6.00 £ 5.5
Thermal hydrolysis 50.62 + 12.2
PP, AB Mechanical impact Pre-treatment 21.62 £ 6.9
Ultrasound 20.33+3.6
PP, AB, S Thermophilic aerobic reactor 5476 + 10.7
PCP IC, P, . .
Adding polymer Compatible with AD 40.00 + 4.8
Sewage sludge PP, S
Adding enzymes 5.03 £0.5
Addition of enzymes +
o 38.35+4.7
PP mechanical impact P
t-treat t
Mechanical impact ostireatment 12.16 £3.5
Ultrasound 10.36 £ 4.6

Notes: *M + SD; AB - antibiotics; PCP - personal care products; IC - industrial chemicals; P - pesticides; S — stimulants; PP -

pharmaceutical products; AD - anaerobic digestion
Source: created by the authors

Thus, based on the results obtained (Table 4), the most
effective additional technologies for the anaerobic degra-
dation of various organic compounds were direct interspe-
cies electron transfer using various conductive materials
and immobilisation of microalgae, which are used for the
degradation of mixed organic waste, and pre-treatment
with strong alkali and alkaline hydrogen peroxide for
waste of animal origin.

Synergistic effect of anaerobic digestion

intensification of organic feedstock

for pollutant degradation and increasing biogas yield
Among the studied methods for substance degradation,
some also showed effectiveness in increasing biogas yield,
particularly direct interspecies electron transfer using vari-
ous conductive materials and alkaline pre-treatment. Based
on a theoretical calculation using averaged literature data, it
was established that 1 kg of mixed organic waste produces

an average of 400 | of biomethane during normal anaer-
obic digestion. Whereas, with the application of the di-
rect interspecies electron transfer method, the biometh-
ane yield from 1 kg of this waste increases to an average
of 790 1, i.e., by 98.88%, which almost corresponds to the
data in the study by L. Wu et al. (2023). Meanwhile, 1 kg
of cow manure typically yields an average of 295 | of biom-
ethane. However, with the alkaline pre-treatment of waste
of animal origin, the biomethane yield from 1 kg of cow
manure increases to an average of 1,140 1, i.e., by 261.56%,
which is consistent with the data presented in the study by
J.R. Kim & K.G. Karthikeyan (2021). Based on the litera-
ture data within the conducted meta-analysis regarding the
cumulative biomethane potential for anaerobic digestion
alone (control) and with the application of direct interspe-
cies electron transfer using various conductive materials
and alkaline pre-treatment, graphs of the dependence of
technology efficiency on time were constructed (Fig. 4-5).
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Figure 4. The efficiency of the method
of pre-treatment with strong alkali
and alkaline hydrogen peroxide in anaerobic digestion
of cow manure in relation to time
Source: created by the authors
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Figure 5. Efficiency of the method
of direct interspecies electron transfer in the anaerobic
digestion of mixed organic waste in relation to time
Source: created by the authors

During the anaerobic digestion of animal waste with
alkaline treatment (Fig. 4), the cellulose in the lignocellu-
losic biomass of cow manure is broken down. According-
ly, a higher biomethane potential is observed. However, a
sharp increase in efficiency is noted on Day 1 followed by a
decrease on Day 3. This may be associated with the forma-
tion of a bacterial consortium involved in hydrolysis and
the facilitation of lignocellulosic biomass hydrolysis treated
with alkali. This is followed by a gradual increase in efhi-
ciency up to Day 10, followed by a decrease to Day 23. This
pattern may be due to the increased availability of nutrients
for bacteria, followed by gradual inhibition by volatile com-
pounds and a change in the pH of the medium. The appli-
cation of the direct interspecies electron transfer method
during anaerobic digestion of mixed organic waste (Fig. 5)
is implemented simultaneously with anaerobic digestion,
unlike the previous one. Therefore, the patterns of efficien-
cy distribution over time differ. There is a gradual increase

in the efficiency of the technology in terms of biomethane
potential without significant fluctuations, as the method’s
impact is manifested at all stages of digestion in a cumu-
lative manner. However, the efficiency in terms of biom-
ethane yield is lower compared to alkaline pre-treatment,
although the results were the opposite for the degradation
of organic pollutants.

By performing statistical analysis using the chi-square
method, it was found that all the results obtained were reli-
able and accurate. The chi-square value for the increase in
methane yield when using the direct interspecies electron
transfer method during anaerobic digestion of mixed or-
ganic waste is 0.13, which is less than the chi-square value
of 16.919 (p>0.05) and indicates that the null hypothesis
is accepted and the deviations are quite small. At the same
time, the chi-square value for the increase in methane yield
during anaerobic digestion of cow manure, pre-treated with
strong alkali and alkaline hydrogen peroxide, is 0.15, which
is also less than the chi-square value of 16.919, so the null
hypothesis is accepted and the deviations are quite small.
Thus, the results are reliable and quite accurate and indi-
cate that the use of different additional technologies during
the anaerobic digestion of different substrates does indeed
increase the efliciency of the anaerobic digestion process
itself for these substrates.

Based on the conducted meta-analysis, it was estab-
lished that the application of additional technologies al-
lows not only to increase in the efficiency of pollutant
degradation during the anaerobic digestion of feedstock
but also to increase in biogas yield. This pattern is asso-
ciated with the intensification of anaerobic degradation of
organic feedstock. As shown in the study by E. Nordell et
al. (2022), thermal post-treatment of digestate with simul-
taneous pasteurisation can achieve more complete conver-
sion and mineralisation of organic matter, thereby increas-
ing the volume of biogas produced. Physical-mechanical
pre-treatment methods such as grinding (Karuppiah &
Azariah, 2019) or extrusion (Olatunji et al., 2021) improve
the porosity, flowability, and bulk density of the substrate.
All this increases the surface area of fermentable particles,
promoting a more eflicient breakdown of organic compo-
nents while simultaneously boosting biogas yield, as noted
in the study by K. Obileke et al. (2024). The principle be-
hind these studied methods involves biochemical or physi-
cal impacts on the structure of organic compounds, leading
to the breakdown of chemical bonds and the formation of
new substances, including inorganic ones, as highlight-
ed by B. Lee et al. (2019) and T. Llano ef al. (2021). These
processes form the basis for the mineralisation of organic
matter, as a result of which methane and carbon dioxide are
formed in anaerobic conditions as the main components
of biogas. Therefore, the transformation of organic matter
leads to a synergistic effect in relation to the transformation
of pollutants and biogas yield.

Another positive effect of applying digestate
post-treatment to intensify the degradation of polluting
organic matter is the production of other useful products.
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It has been established that the most promising and en-
vironmentally safe product is biochar, obtained as a re-
sult of pyrolysis of the solid fraction of digestate, which
is consistent with the results of research by S. Ghysels et
al. (2022) on an integrated system of anaerobic digestion
and slow pyrolysis of mixed feedstock of plant and ani-
mal origin. A systematic approach to the use of biochar
involves the purification of the liquid fraction of diges-
tate using biochar, in which the content of pollutants is
reduced by more than 95% due to pyrolysis. This approach
is justified, since according to the results of the study by
A M. Ali et al. (2019) on the content of new organic pollut-
ants in feedstock of various origins (mainly sewage sludge,
food waste, and mixed feedstock based on food waste) and
two fractions of digestate, sun protective octocrylene and
acetaminophen (paracetamol) were found in the highest
concentrations in the liquid digestate, while octocrylene
and antipyrine TCPP (tris(1-chloro-2-propyl) phosphate)
were identified in the highest concentrations in the solid
digestate. In addition, biochar can be used for bioremedi-
ation of soils contaminated with heavy metals due to the
sorbing properties of the porous structure of biochar. On
the other hand, digestate binds heavy metals in the soil,
based on the complexing properties of organic matter, de-
pending on the ratio of fluorescent components, as shown
by the authors P. Skvortsova et al. (2024).

It is worth noting that along with traditional, widely
used substrates for anaerobic digestion, grouped according
to different categories of organic waste, unexplored feed-
stock, such as coal, also has significant biomethane poten-
tial, as shown in the study by P.H. Fallgren et al. (2021). In
addition, understudied and local feedstock is of particular
interest, as its use for biogas and digestate production is a
promising way to handle specific types of organic waste,
such as sugarcane and solid household waste (Tshemese et
al., 2023). The high potential of the fertilizing properties of
digestate from local plant feedstock was noted by the au-
thors W. Czekala et al. (2020), which ensures compliance
with the principle of nutrient recovery in the circular econ-
omy and has a positive impact on greenhouse gas emissions
(Kowalczyk-Jusko et al., 2023). In addition, the production
of biogas from solid household waste landfills is becoming
promising due to the installation of degassing systems, as
shown in a recent study by I. Vaskina et al. (2024). Since
this type of waste also contains a wide range of pollutants,
the possibility of using the developed technologies in-
creases the scientific interest and practical significance of
the research results in this direction. Moreover, mixtures
of different wastes used for co-anaerobic digestion, as
shown above, differ in the content of pollutants compared
to mono-feedstock. Accordingly, the processes of pollut-
ant degradation during anaerobic digestion will have their
own specifics due to different microbiological and physic-
ochemical conditions, which require further research and
may be one of the directions for further research.

Thus, as a result of the meta-analysis conducted, it was
established that the feedstock used for anaerobic digestion
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to obtain biogas is usually formed from waste with an
organic component, which determines the presence of
a wide range of pollutants in it. The anaerobic digestion
process itself rarely ensures complete degradation of the
corresponding groups of pollutants according to their bio-
degradability and resistance, therefore additional methods
of intensification of anaerobic degradation are quite rele-
vant. The maximum synergistic effect for the degradation
of pollutants and the increase in biomethane yield was es-
tablished in the case of the use of direct interspecies elec-
tron transfer methods on the example of feedstock from
mixed organic waste and alkaline pre-treatment of animal
waste. However, these methods require testing on oth-
er types of substrates with different properties, chemical
composition, and the nature of the impact on the process
parameters, including microbiological ones.

© Conclusions

The analysed methods for improving the efficiency of an-
aerobic digestion of different substrates have shown their
effectiveness, indicating their great importance and poten-
tial for application in biotechnology. The main substrates
that are most often contaminated with various organic
substances and require the application of effective technol-
ogies to improve the result of their anaerobic digestion are
sewage sludge, animal waste, and mixed organic waste. As
a result of the conducted research, it was found that such
a method as direct interspecies electron transfer allows in-
creasing the efficiency of pollutant degradation in mixed
organic waste by 180%. In the case of animal waste, it is
worth applying alkaline treatment, which will increase the
efficiency of degradation of organic pollutants by almost
115%. The degradation of organic compounds in sewage
sludge can be increased by 55% by treating it in a thermo-
philic aerobic reactor in combination with anaerobic di-
gestion. Additional treatment technologies allow not only
to ensure the effective degradation of pollutants during
fermentation but also to increase the overall efficiency of
anaerobic digestion by increasing methane yield. The re-
sults obtained indicate that when using direct interspecies
electron transfer from mixed organic waste, it is possible
to obtain 98.88% more methane, while pre-treatment of
animal waste with strong alkali and alkaline hydrogen per-
oxide makes it possible to obtain 261.56% more methane
from this waste. This significantly increases not only the
environmental but also the economic component of the
application of these treatment technologies.

The results of the study have scientific and practical
significance, as they demonstrate the high efficiency and
synergistic effect of additional technologies for improv-
ing the process of anaerobic digestion and increasing the
degree of degradation of organic matter contained in the
three most common substrates (mixed organic waste, an-
imal husbandry waste, and sewage sludge). At the same
time, this allows for identifying directions for further re-
search aimed at evaluating the efficiency of the studied
technologies for environmentally safe management of
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local feedstock in the context of waste utilisation for bi-  ensure the prevention of chemical pollution of environ-
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agroecological purposes through the use of digestate as

biofertilizer. Further research will be aimed at developing & Acknowledgements

a laboratory stand and testing the investigated methods  None.

on local feedstock with the determination of the efficiency

of degradation of organic pollutants for the production of & Conflict of Interest

environmentally safe fertilizer from digestate, which will  None.

© References

[1] Ali, A.M.,, Nesse, AS., Eich-Greatorex, S., Sogn, T.A., Aanrud, S.G., Aasen Bunes, J.A. Lyche, JL., &
Kallenborn, R. (2019). Organic contaminants of emerging concern in Norwegian digestates from biogas production.
Environmental Science: Processes & Impacts, 9, 1498-1508. doi: 10.1039/c9em00175a.

[2] Ali, S.S., Kornaros, M., Manni, A., Sun, J., El-Shanshoury, A.E.-R.R., Kenawy, E.-R., & Khalil, M.A. (2020).
Enhanced anaerobic digestion performance by two artificially constructed microbial consortia capable of woody
biomass degradation and chlorophenols detoxification. Journal of Hazardous Materials, 389, article number 122076.
doi: 10.1016/j.jhazmat.2020.122076.

[3] Aslam, M., & Smarandache, F. (2023). Chi-square test for imprecise data in consistency table. Frontiers in Applied
Mathematics and Statistics, 9, article number 1279638. doi: 10.3389/fams.2023.1279638.

[4] Barcauskaité, K. (2019). Gas chromatographic analysis of polychlorinated biphenyls in compost samples from
different origin. Waste Management & Research, 37(5), 556-562. doi: 10.1177/0734242X19828156.

[5] Barreiro, A., Cela-Dablanca, R., Nebot, C., Rodriguez-Lépez, L., Santds-Miguel, V., Arias-Estévez, M., Fernandez-
Sanjurjo, M., Nufiez-Delgado, A., & Alvarez-Rodriguez, E. (2022). Occurrence of nine antibiotics in different kinds of
sewage sludge, soils, corn and grapes after sludge spreading. Spanish Journal of Soil Science, 12, article number 10741.
doi: 10.3389/sjs5.2022.10741.

[6] Beduk, E, Aydin, S., Ulvi, A., & Aydin, M.E. (2023). Persistent organic pollutants in sewage sludge: Occurrence,
temporal concentration variation and risk assessment for sewage sludge amended soils. KSCE Journal of Civil
Engineering, 27, 3694-3704. doi: 10.1007/s12205-023-2385-x.

[7] Biel-Maeso, M., Corada-Fernandez, C., & Lara-Martin, P.A. (2019). Removal of personal care products (PCPs) in
wastewater and sludge treatment and their occurrence in receiving soils. Water Research, 150, 129-139. doi: 10.1016/j.
watres.2018.11.045.

[8] Bouaita, R., Derbal, K., Panico, A., [asimone, E, Pontoni, L., Fabbricino, M., & Pirozzi, E. (2022). Methane production
from anaerobic co-digestion of orange peel waste and organic fraction of municipal solid waste in batch and semi-
continuous reactors. Biomass and Bioenergy, 160, article number 106421. doi: 10.1016/j.biombioe.2022.106421.

[9] Bouhia, Y., Hafidi, M., Ouhdouch, Y., & Lyamlouli, K. (2023). Olive mill waste sludge: From permanent pollution to
a highly beneficial organic biofertilizer: A critical review and future perspectives. Ecotoxicology and Environmental
Safety, 259, article number 114997. doi: 10.1016/j.ecoenv.2023.114997.

[10] Cabrita, T.M., & Santos, M.T. (2023). Biochemical methane potential assays for organic wastes as an anaerobic
digestion feedstock. Sustainability, 15(15), article number 11573. doi: 10.3390/sul51511573.

[11] Chernysh, Ye., Shtepa, V,, Roy, I, Chubur, V., Skvortsova, P, Ivlieva, A., & Danilov, D. (2021). The potential of organic
waste as a substrate for anaerobic digestion in Ukraine: Trend definitions and environmental safety of the practices.
Environmental Problems, 6(3), 135-144. doi: 10.23939/ep2021.03.135.

[12] Chojnacka, K., & Chojnacki, M. (2023). Nutrient recovery from anaerobic digestate: Fertilizer informatics for circular
economy. Environmental Research, 245, article number 117953. doi: 10.1016/j.envres.2023.117953.

[13] Czekata, W., Lewicki, A., Pochwatka, P, Czekata, A., Wojcieszak, D., Jézwiakowski, K., & Waliszewska, H. (2020).
Digestate management in Polish farms as an element of the nutrient cycle. Journal of Cleaner Production, 242, article
number 118454. doi: 10.1016/j.jclepro.2019.118454.

[14] Estoppey, N., Castro, G., Slinde, G.A., Hansen, C.B., Loseth, M.E., Krahn, K.M., Demmer, V., Svenni, J., Tran, T.-
V.-A.T., Asimakopoulos, A.G., Arp, HPH., & Cornelissen, G. (2024). Exposure assessment of plastics, phthalate
plasticizers and their transformation products in diverse bio-based fertilizers. Science of The Total Environment, 918,
article number 170501. doi: 10.1016/j.scitotenv.2024.170501.

[15] Fallgren, PH., Chen, L., Peng, M., Urynowicz, M.A., & Jin, S. (2021). Facultative-anaerobic microbial digestion of
coal preparation waste and use of effluent solids to enhance plant growth in a sandy soil. International Journal of Coal
Science & Technology, 8, 767-779. doi: 10.1007/s40789-020-00374-5.

[16] Feng, D., Xia, A., Huang, Y., Zhu, X., Zhu, X., & Liao, Q. (2022). Effects of carbon cloth on anaerobic digestion of high
concentration organic wastewater under various mixing conditions. Journal of Hazardous Materials, 423(A), article

number 127100. doi: 10.1016/j.jhazmat.2021.127100.

| 34 Ecological Safety and Balanced Use of Resources, 2024, Vol. 15, No. 1


https://doi.org/10.1039/c9em00175a
https://doi.org/10.1016/j.jhazmat.2020.122076
https://doi.org/10.3389/fams.2023.1279638
https://doi.org/10.1177/0734242X19828156
https://doi.org/10.3389/sjss.2022.10741
https://doi.org/10.1007/s12205-023-2385-x
https://doi.org/10.1016/j.watres.2018.11.045
https://doi.org/10.1016/j.watres.2018.11.045
https://doi.org/10.1016/j.biombioe.2022.106421
https://doi.org/10.1016/j.ecoenv.2023.114997
https://doi.org/10.3390/su151511573
https://doi.org/10.23939/ep2021.03.135
https://doi.org/10.1016/j.envres.2023.117953
https://doi.org/10.1016/j.jclepro.2019.118454
https://doi.org/10.1016/j.scitotenv.2024.170501
https://doi.org/10.1007/s40789-020-00374-5
https://doi.org/10.1016/j.jhazmat.2021.127100

Paramonov et al.

[17] Fu, D., Kurniawan, T.A., Li, H., Wang, L., Chen, Z., Li, W,, Wang, Y., Wang, H., & Li, Q. (2019). Applicability of
HDPC-supported Cu nanoparticles composite synthesized from anaerobically digested wheat straw for octocrylene
degradation in aqueous solutions. Chemical Engineering Journal, 355, 650-660. doi: 10.1016/j.cej.2018.08.188.

[18] Garcia-Lépez, A.M., Delgado, A., Anjos, O., & Horta, C. (2023). Digestate not only affects nutrient availability but
also soil quality indicators. Agronomy, 13(5), article number 1308. doi: 10.3390/agronomy13051308.

[19] Ghysels, S., Acosta, N., Estrada, A., Pala, M., De Vrieze, J., Ronsse, F., & Rabaey, K. (2020). Integrating anaerobic
digestion and slow pyrolysis improves the product portfolio of a cocoa waste biorefinery. Sustainable Energy Fuels,
4(7), 3712-3725. doi: 10.1039/d0se00689k.

[20] Gizaw, D.G., Periyasamy, S., Redda, Z.T., John, B.I,, Baylie Mengstie, H., & Asaithambi, P. (2024). A comprehensive
review on sewage sludge as sustainable feedstock for bioenergy production. Environmental Quality Management,
33(3), 223-238. doi: 10.1002/tqgem.22116.

[21] Golovko, O., Ahrens, L., Schelin, J., Sérengard, M., Bergstrand, K.J., Asp, H., Hultberg, M., & Wiberg, K. (2022).
Organic micropollutants, heavy metals and pathogens in anaerobic digestate based on food waste. Journal of
Environmental Management, 313, article number 114997. doi: 10.1016/j.jenvman.2022.114997.

[22] Gong, W, Xie, B., Deng, S., Fan, Y., Tang, X., & Liang, H. (2019). Enhancement of anaerobic digestion effluent
treatment by microalgae immobilization: Characterized by fluorescence excitation-emission matrix coupled with
parallel factor analysis in the photobioreactor. Science of The Total Environment, 678, 105-113. doi: 10.1016/].
scitotenv.2019.04.440.

[23] Gonzalez-Salgado, I., Cavaill¢é, L., Dubos, S., Mengelle, E., Kim, C., Bounouba, M., Paul, E., Pommier, S., &
Bessiere, Y. (2020). Combining thermophilic aerobic reactor (TAR) with mesophilic anaerobic digestion (MAD)
improves the degradation of pharmaceutical compounds. Water Research, 182, article number 116033. doi: 10.1016/].
watres.2020.116033.

[24] Hammer, L., & Palmowski, L. (2021). Fate of selected organic micropollutants during anaerobic sludge digestion.
Water Environment Research, 93(10), 1910-1924. doi: 10.1002/wer.1603.

[25] Hassanein, A., & Lansing, S. (2022). Boosting anaerobic digestion with microbial electrochemical technologies.
Advances in Bioenergy, 7, 67-98. doi: 10.1016/bs.aibe.2022.05.003.

[26] Karuppiah, T., & Azariah, V.E. (2019). Biomass pre-treatment for enhancement of biogas production. In J. Rajesh
Banu (Ed.), Anaerobic digestion (ch. 5). London: IntechOpen. doi: 10.5772/intechopen.82088.

[27] Kim, J.R., & Karthikeyan, K.G. (2021). Effects of severe pretreatment conditions and lignocellulose-derived furan
byproducts on anaerobic digestion of dairy manure. Bioresource Technology, 340, article number 125632. doi: 10.1016/j.
biortech.2021.125632.

[28] Kosheleva, A., Gadaleta, G., De Gisi, S., Heerenklage, J., Picuno, C., Notarnicola, M., Kuchta, K., & Sorrentino, A. (2023).
Co-digestion of food waste and cellulose-based bioplastic: From batch to semi-continuous scale investigation. Waste
Management, 156, 272-281. doi: 10.1016/j.wasman.2022.11.031.

[29] Ko$naf, Z., Merdl, E, Pierdona, L., Chane, A.D., Michal, P,, & Tlustos, P. (2023). Concentration of the main persistent
organic pollutants in sewage sludge in relation to wastewater treatment plant parameters and sludge stabilisation.
Environmental Pollution, 333, article number 122060. doi: 10.1016/j.envpol.2023.122060.

[30] Kowalczyk-Jusko, A., Pochwatka, P, Mazurkiewicz, J., Pulka, J., Kepowicz, B., Janczak, D., & Dach, J. (2023). Reduction
of greenhouse gas emissions by replacing fertilizers with digestate. Journal of Ecological Engineering, 24(4), 312-319.
doi: 10.12911/22998993/161013.

[31] Kumar, M., Matassa, S., Bianco, E, Oliva, A., Papirio, S., Pirozzi, E,, De Paola, F, & Esposito, G. (2023). Effect of varying
zinc concentrations on the biomethane potential of sewage sludge. Water, 15(4), article number 729. doi: 10.3390/
w15040729.

[32] Lee, B, Park, J.-G., Shin, W.-B., Kim, B.-S., Byun, B.-S., & Jun, H.-B. (2019). Maximizing biogas production by pre-
treatment and optimizing the co-digestion mixture ratio with organic wastes. Environmental Engineering Research,
24(4), 662-669. doi: 10.4491/eer.2018.375.

[33] Liu, C., Fan, J., Xu, X., & Wu, Y. (2021). Enhanced anaerobic degradation of hexachlorobenzene in a hydragric acrisol
using humic acid and urea. Pedosphere, 31(1), 172-179. doi: 10.1016/S1002-0160(20)60062-5.

[34] Liu, W,, Wang, Y, Xia, R., Ding, X., Xu, Z,, Li, G., Nghiem, L.D., & Luo, W. (2023a). Occurrence and fate of antibiotics
in swine waste treatment: An industrial case. Environmental Pollution, 331, article number 121945. doi: 10.1016/].
envpol.2023.121945.

[35] Liu, Z., Xie, S., Zhou, H., Zhao, L., Yao, Z., Fan, H,, Si, B., & Yang, G. (2023b). Organic contaminants removal and
carbon sequestration using pig manure solid residue-derived biochar: A novel closed-loop strategy for anaerobic
liquid digestate. Chemical Engineering Journal, 471, article number 144601. doi: 10.1016/j.cej.2023.144601.

[36] Llano, T., Arce, C., & Finger, D.C. (2021). Optimization of biogas production through anaerobic digestion of municipal
solid waste: A case study in the capital area of Reykjavik, Iceland. Journal of Chemical Technology & Biotechnology,
96(5), 1333-1344. doi: 10.1002/jctb.6654.

Ecological Safety and Balanced Use of Resources, 2024, Vol. 15, No. 1 35 \


https://doi.org/10.1016/j.cej.2018.08.188
https://doi.org/10.3390/agronomy13051308
https://doi.org/10.1039/d0se00689k
https://doi.org/10.1002/tqem.22116
https://doi.org/10.1016/j.jenvman.2022.114997
https://doi.org/10.1016/j.scitotenv.2019.04.440
https://doi.org/10.1016/j.scitotenv.2019.04.440
https://doi.org/10.1016/j.watres.2020.116033
https://doi.org/10.1016/j.watres.2020.116033
https://doi.org/10.1002/wer.1603
https://doi.org/10.1016/bs.aibe.2022.05.003
https://doi.org/10.5772/intechopen.82088
https://doi.org/10.1016/j.biortech.2021.125632
https://doi.org/10.1016/j.biortech.2021.125632
https://doi.org/10.1016/j.wasman.2022.11.031
https://doi.org/10.1016/j.envpol.2023.122060
https://doi.org/10.12911/22998993/161013
https://doi.org/10.3390/w15040729
https://doi.org/10.3390/w15040729
https://doi.org/10.4491/eer.2018.375
https://doi.org/10.1016/S1002-0160(20)60062-5
https://doi.org/10.1016/j.envpol.2023.121945
https://doi.org/10.1016/j.envpol.2023.121945
https://doi.org/10.1016/j.cej.2023.144601
https://doi.org/10.1002/jctb.6654

The efficiency of organic pollutants degradation...

[37] Lu, X., Wang, H., Ma, E, Zhao, G., & Wang, S. (2018). Improved process performance of the acidification phase
in a two-stage anaerobic digestion of complex organic waste: Effects of an iron oxide-zeolite additive. Bioresource
Technology, 262, 169-176. doi: 10.1016/.biortech.2018.04.052.

[38] Malovanyy, M., Voytovych, 1., Mukha, O., Zhuk, V., Tymchuk, I., & Soloviy, C. (2022). Potential of the co-digestion
of the sewage sludge and plant biomass on the example of Lviv WW'TP. Ecological Engineering & Environmental
Technology, 23(2), 107-112. doi: 10.12912/27197050/144958.

[39] Marutescu, L.G., Jaga, M., Postolache, C., Barbuceanu, E, Milita, N.M., Romascu, L.M., Schmitt, H., de Roda
Husman, A.M., Sefeedpari, P, Glaeser, S., Kimpfer, P, Boerlin, P., Topp, E., Gradisteanu Pircalabioru, G.,
Chifiriuc, M.C., & Popa, M. (2022). Insights into the impact of manure on the environmental antibiotic residues and
resistance pool. Frontiers in Microbiology, 13, article number 965132. doi: 10.3389/fmicb.2022.965132.

[40] Mumtaz, S., Abbas, Y., Ahmad, 1., Hassan, A., Saeed, M.E, Yun, S., Almarhoon, Z.M., Shelkh, M., Hassan, A.M.,
Rosaiah, P, Suneetha, M., & Ahmad, A. (2023). Sugarcane-bagasse-ash in enhanced mesophilic co-digestion for
biogas and nutrient recovery: A concept of developing rural circular bioeconomy. Environmental Research, 237(1),
article number 116691. doi: 10.1016/j.envres.2023.116691.

[41] Nordell, E., Bjorn, A., Waern, S., Yekta, S.S., Sundgren, I., & Moestedst, J. (2022). Thermal post-treatment of digestate
in order to increase biogas production with simultaneous pasteurization. Journal of Biotechnology, 344, 32-39.
doi: 10.1016/j.jbiotec.2021.12.007.

[42] Obileke, K., Makaka, G., Tangwe, S., & Mukumba, P. (2024). Improvement of biogas yields in an anaerobic
digestion process via optimization technique. Environment, Development and Sustainability. doi: 10.1007/s10668-
024-04540-6.

[43] Olatunji, K.O., Ahmed, N.A., & Ogunkunle, O. (2021). Optimization of biogas yield from lignocellulosic materials
with different pre-treatment methods: A review. Biotechnology for Biofuels, 14, article number 159. doi: 10.1186/
s13068-021-02012-x.

[44] Oliveira, B.M., Zaiat, M., & Oliveira, G.H.D. (2019). The contribution of selected organic substrates to the
anaerobic cometabolism of sulfamethazine. Journal of Environmental Science and Health, 54(4), 263-270.
doi: 10.1080/03601234.2018.1553909.

[45] Paranhos, A.G.D.O., Pereira, A.R., da Fonseca, Y.A., de Queiroz Silva, S., & de Aquino, S.F. (2022). Tylosin in anaerobic
reactors: Degradation kinetics, effects on methane production and on the microbial community. Biodegradation, 33,
283-300. doi: 10.1007/s10532-022-09980-3.

[46] Patureau, D., Mailler, R., Delgenes, N., Danel, A., Vulliet, E., Deshayes, S., Moilleron, R., Rocher, V., & Gasperi, J. (2021).
Fate of emerging and priority micropollutants during the sewage sludge treatment — part 2: Mass balances of
organic contaminants on sludge treatments are challenging. Waste Management, 125, 122-131. doi: 10.1016/j.
wasman.2021.02.034.

[47] Phan, K.-H,, Le, L.-T,, Tran, T.-D., Vo, T.-K.-Q., Nguyen, T.-T., Tra, V.-T., Nguyen, T.-Y.-P, Tran, C.-S., Mai, T.-P,,
& Bui, X.-T. (2024). Anaerobic biodegradation of mixed azo dyes in thermophilic and mesophilic conditions. Case
Studies in Chemical and Environmental Engineering, 9, article number 100667. doi: 10.1016/j.cscee.2024.100667.

[48] Pilarski, K., Pilarska, A.A., Kolasa-Wigcek, A., & Suszanowicz, D. (2023). An agricultural biogas plant as a
thermodynamic system: A study of efficiency in the transformation from primary to secondary energy. Energies,
16(21), article number 7398. doi: 10.3390/en16217398.

[49] Porterfield, K.K., Hobson, S.A., Neher, D.A., Niles, M.T., & Roy, E.D. (2023). Microplastics in composts, digestates,
and food wastes: A review. Journal of Environmental Quality, 52(2), 225-240. doi: 10.1002/jeq2.20450.

[50] Rathankumar, A.K., Vaithyanathan, V.K,, Saikia, K., Anand, S.S., Vaidyanathan, V.K., & Cabana, H. (2022). Effect of
alkaline treatment on the removal of contaminants of emerging concern from municipal biosolids: Modelling and
optimization of process parameters using RSM and ANN coupled GA. Chemosphere, 286(3), article number 131847.
doi: 10.1016/j.chemosphere.2021.131847.

[51] Ripoll, V,, Solera, R., & Perez, M. (2022). Kinetic modelling of anaerobic co-digestion of sewage sludge and sherry-
wine distillery wastewater: Effect of substrate composition in batch bioreactor. Fuel, 329, article number 125524.
doi: 10.1016/j.fuel.2022.125524.

[52] Skvortsova, P., Ablieieva, I., Tonderski, K., Chernysh, Ye., Plyatsuk, L., Sipko, I., & Mykhno, H. (2024). Synergetic
effect of digestate dissolved organic matter and phosphogypsum properties on heavy metals immobilization in soils.
Journal of Engineering Sciences, 11(1), 9-20. doi: 10.21272/jes.2024.11(1).h2.

[53] Tshemese, Z., Deenadayalu, N., Linganiso, L.Z., & Chetty, M. (2023). An overview of biogas production from
anaerobic digestion and the possibility of using sugarcane wastewater and municipal solid waste in a South African
context. Applied System Innovation, 6(1), article number 13. doi: 10.3390/asi6010013.

[54] Vambol, V., Kowalczyk-Jusko, A., Jézwiakowski, K., Mazur, A., Vambol, S., & Khan, N.A. (2022). Investigation in
techniques for using sewage sludge as an energy feedstock: Poland’s experience. Ecological Questions, 34(1), 91-98.
doi: 10.12775/eq.2023.007.

| 36 Ecological Safety and Balanced Use of Resources, 2024, Vol. 15, No. 1


https://doi.org/10.1016/j.biortech.2018.04.052
https://doi.org/10.12912/27197050/144958
https://doi.org/10.3389/fmicb.2022.965132
https://doi.org/10.1016/j.envres.2023.116691
https://doi.org/10.1016/j.jbiotec.2021.12.007
https://doi.org/10.1007/s10668-024-04540-6
https://doi.org/10.1007/s10668-024-04540-6
https://doi.org/10.1186/s13068-021-02012-x
https://doi.org/10.1186/s13068-021-02012-x
https://doi.org/10.1080/03601234.2018.1553909
https://doi.org/10.1007/s10532-022-09980-3
https://doi.org/10.1016/j.wasman.2021.02.034
https://doi.org/10.1016/j.wasman.2021.02.034
https://doi.org/10.1016/j.cscee.2024.100667
https://doi.org/10.3390/en16217398
https://doi.org/10.1002/jeq2.20450
https://doi.org/10.1016/j.chemosphere.2021.131847
https://doi.org/10.1016/j.fuel.2022.125524
https://doi.org/10.21272/jes.2024.11(1).h2
https://doi.org/10.3390/asi6010013
https://doi.org/10.12775/eq.2023.007

Paramonov et al.

[55] Vaskina, I., Hopkalo, D., Vaskin, R., & Pochwatka, P. (2024). Potential of landfill gas extraction in north-east Ukraine.
Journal of Ecological Engineering, 25(4), 258-270. doi: 10.12911/22998993/183827.

[56] Visniauske, I., Bardauskaiteé, K., Baksiené, E., & MazZeika, R. (2018). Evaluation of contamination levels of different
types of composts and their suitability for usage in agriculture. Agriculture, 105(3), 211-220. doi: 10.13080/z-
a.2018.105.027.

[57] Weinrich, S., Schifer, F,, Bochmann, G., & Liebetrau, J. (2018). Value of batch tests for biogas potential analysis. Method

comparison and challenges of substrate and efficiency evaluation of biogas plants. Retrieved from https://task37.
ieabioenergy.com/wp-content/uploads/sites/32/2022/02/Batch _tests web END.pdf.

[58] Wu, L., Shen, Z., Zhou, Y., & Zuo, J. (2023). Stimulating anaerobic digestion to degrade recalcitrant organic pollutants:
Potential role of conductive materials-led direct interspecies electron transfer. Journal of Environmental Management,
344, article number 118337. doi: 10.1016/j.jenvman.2023.118337.

[59] Xiao, Y., Tian, Y., Zhan, Y., & Zhu, J. (2023). Degradation of organic pollutants in flocculated liquid digestate using
photocatalytic titanate nanofibers: Mechanism and response surface optimization. Frontiers of Agricultural Science
and Engineering, 10(3), 492-502. doi: 10.15302/]-FASE-2023503.

[60] Zhou, X., Wang, J., Lu, C., Liao, Q., Gudda, F.O., & Ling, W. (2020). Antibiotics in animal manure and manure-based

fertilizers: Occurrence and ecological risk assessment. Chemosphere, 255, article number 127006. doi: 10.1016/].
chemosphere.2020.127006.

Ecological Safety and Balanced Use of Resources, 2024, Vol. 15, No. 1 37 |


https://doi.org/10.12911/22998993/183827
https://doi.org/10.13080/z-a.2018.105.027
https://doi.org/10.13080/z-a.2018.105.027
https://task37.ieabioenergy.com/wp-content/uploads/sites/32/2022/02/Batch_tests_web_END.pdf
https://task37.ieabioenergy.com/wp-content/uploads/sites/32/2022/02/Batch_tests_web_END.pdf
https://doi.org/10.1016/j.jenvman.2023.118337
https://doi.org/10.15302/J-FASE-2023503
https://doi.org/10.1016/j.chemosphere.2020.127006
https://doi.org/10.1016/j.chemosphere.2020.127006

The efficiency of organic pollutants degradation...

EdeKTUBHICTb pyHYBaHHSA OpraHiYHMX 3a6pyagHIOBa/IbHUX Pe4YOBUH
y npoueci aHaepo6Horo 36poa)XyBaHHA CUPOBUHM Pi3HOIO reHe3ucy

AHppii MapamoHoB

AcnipaHT

CyMCbKNin fep)xaBHUI YHIBepcUTeT

40007, Byn. XapkiBcbka, 116, M. Cymun, YkpaiHa
https://orcid.org/0009-0009-2721-757X

IpuHa AGneeBa

LOKTOp TEXHIYHUX HayK, OLEHT
CyMCbKnin gepXxaBHUI YHIBepcUTeT
40007, Byn. XapkiBcbka, 116, M. Cymun, YkpaiHa

YHiBepcuteT JliHueninry
SE-581, 83, m. Jlinueninr, LBeuin
https://orcid.org/0000-0002-2333-0024

IpnHa BacbkiHa

Kangmaat TexXHiYHUX HayK, OOUEHT
MpupogHnuni yHiBepcuteT y No3HaHi
60-637, Byn. Binicbka MNMonbcbkoro, 50, m. Mo3HaHb, MonbLua

CyMCbKNin fep)xaBHUI YHIBepcUTeT
40007, Byn. XapkiBcbka, 116, M. Cymu, YkpaiHa
https://orcid.org/0000-0001-5904-9640

AHHa Jlucnubka

CryneHt

CyMCbKnin gepXxaBHUI YHIBepcUTeT

40007, Byn. XapkiBcbka, 116, M. Cymu, YkpaiHa
https://orcid.org/0009-0001-5533-4660

Hartania MakapeHko

CynoBui ekcnept

CyMCbKNIN HayKOBO-OOCNIAHUI €KCMEPTHO-KPUMIHANICTUYHMIA LeHTp MiHicTepcTBa BHYTPILLHIX cnpaB YKpaiHu
40000, Byn. Npomucnosa, 8, M. Cymu, YkpaiHa

https://orcid.org/0009-0000-7653-1877

© AxoTauif. JJoCTi/PKeHHs CTyIIeHA Aerpajialiii 3a6py/IHIOBATbHIX PEYOBUH Y MPOLECi aHaepOOHOTO 36POIKyBaHHA
Ta IX BMiCTy B gurecraTi € aKTya/JbHUM HAayKOBMM INMTAHHAM, fKe IPOAUKTOBAHO HEOOXiTHICTIO MifTBep/KeHHA
0e3leYHOCTi 3aCTOCYBaHHA LIbOrO INPOAYKTY AK 6iogoOpmBa I IOKpalleHHS SKOCTi CiIbChKOTOCIOAAPCHKIX
3eMenb. MeTa cTarTi — BU3HaYeHHS e(eKTUBHOCTI pyilHYBaHHA 3a0pYIHIOBaIbHUX PEYOBUH Yy IIpolieci aHaepoOHOro
36pOI[)KYBaHH}I i3 3aCTOCYBaHHAM Pi3HUX METOJIB [JOZATKOBOL 06p061<1/1. I BCTAaHOB/IEHHS 3aKOHOMIipHOCTeI!
merpapanii 3a6pyHIOBa/JIbHIX PEYOBMH Y IIpOIleci aHaepoOHOro 30pOofKyBaHHA 3a Pi3HUX YMOB Ta 3i 3aCTOCYBaHHAM
TIOIATKOBMX TEXHOJIOTIIN iHTeHCMdpiKaui’i Iporecy (y}IprasByK, 3aCTOCYBaHHA XiMiYHMX PEareHTiB Ta BYTiJIbHOI TKAaHMHM,
MDKBMIOBE IepEHECeHHS eIeKTPOHIB, iMMOOimi3anis MiKpoBOZOpOCTell TOIIO) Oy/IO 3aCTOCOBAHO MeTa-aHalis.
BusHayeHHs fOCTOBIPHOCTI 0OpaHMX IilloTes Ta CTaTUCTUYHOI 3HAYYIIOCTi OTPUMAHUX JaHNUX OYyII0 IIPOBefieHO MeTOflaMI
CTAQTUCTUYHOIO aHaji3y. Bylro BM3Ha4yeHO, IO HOZATKOBI MeTOAM OOpOOKM MO3BOIAIOTH HiABUIIUTU e(eKTMBHICTD
merpapanii opraHiyHNMX 3a6pyAHIOBadiB y 3MilllaHNX OpraHiYHMX Bifxomax Ha 180 % (mpsMe MDKBMIOBe IepeHeCeHH:A
€JIeKTPOHIB), Y BifXOfjax TBapMHHOrO IIOXO/KeHHA — Ha 115 % (y>kHe nomepenHe 06po6/IeHH:), a B OcafiaX CTIYHMX
BOJ — Ha 55 % (1w1AxoM ix 06po6Ku B TepMO(IIBHOMY aepOOHOMY peaKTopi CyMiCHO 3 aHaepOOHUM 30pOIKYBaHHAM).
EdexruBHicTb TexHOMorii iMMOb6iisanii MikpoBogopocTell, o 3abe3medye BUaIeHHA 3a0pyIHIOBAIbBHUX PEYOBMH i3
pinkoi (bpaKui'l' JUTecTaTy, CTaHOBUTD 135 %. Takox 6y710 BCTAHOBJIEHO HASIBHICTb CMHEPIETUYHOTO e(beKTy IOOATKOBUX
MeTOZiB OOpOOJIEHHA CUPOBVHM, IIO IMIOCTPYETHCA 3POCTAHHAM KiIBKOCTI BUJiIeHOro MeraHy Ha 98,88-261,56 %
3a7IEXHO BiJj BULY BigXOfiB i meTomy 06p061<1/1. Orpumani pesynbTaTit JOBOAATH BUCOKY e(l)eKTMBHiCTb IOOATKOBUX
TEXHOJIOrii 00poOkn. IIpakTiyHe 3HAYEHHS Ofiep>KaHNX Pe3y/IbTaTiB MOJIATA€ B JOBEAEHOMY CUHEPreTUYHOMY edeKTi
BiJl 3aCTOCYBaHHS HOJATKOBUX METOHIB OOpOOKN CUPOBMHY Ta AUTECTAaTy 3a PaxXyHOK I[[BUICHHA piBHA merpapanii
OpraHiYHUX 3a0pPYIHIOBAYIB 3 OJEPXKAHHAM eKOJIOTi4HO Oe3IIe9HOro f06puBa Ta 301/IbIIeHHAM BUXORY Oiorasy

© Kniouosi cnosa: BUPOOHMITBO 6iorasy; purecraT; HeOe3neyuHi XiMiuHi pe4oBMHY; OpraHiyHi BiIXony; momepenHa
006po06Ka; CTINIKMIT pO3BUTOK; CyOCTpaT
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