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INTRODUCTION

The relevance of the present study is deter-
mined by the increasing impact of municipal and 
industrial wastewater on the aquatic ecosystems of 
large cities, where conventional treatment technol-
ogies no longer ensure an adequate level of remov-
al of organic pollutants, nutrients, microplastics, 
and toxicological markers. Urbanisation growth, 
increased water consumption, and changes in the 

composition of household chemicals lead to the 
formation of persistent complex pollutants capable 
of passing through standard stages of mechanical 
and biological treatment [1]. Under these con-
ditions, the application of membrane processes 
becomes a key direction for enhancing post-treat-
ment efficiency and achieving stable water quality 
that meets contemporary environmental require-
ments. The problem addressed in this study is asso-
ciated with the limited effectiveness of traditional 
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methods in removing fine-dispersed, colloidal, and 
biologically active components that determine re-
sidual toxicity, microbiological risks, and the en-
vironmental impact of treated wastewater [2, 3]. 
Additional complexity arises from changes in the 
chemical composition of wastewater, high concen-
trations of surfactants, petroleum products, and 
synthetic organic compounds that interact with one 
another and form persistent contaminant complex-
es. As a result, there is a need for a comprehensive 
assessment of membrane post-treatment process-
es, making it possible to determine the dynamics 
of changes in key water quality parameters and to 
establish the degree of reduction in environmental 
pressure on water bodies.

In the context of studies devoted to mem-
brane-based enhancement of the methane frac-
tion, Kaipova et al. [4] examined modern solu-
tions for biogas purification using highly selec-
tive membranes. It was shown that the efficiency 
of the processes depended on the preliminary 
removal of colloidal impurities. Taking into ac-
count thermophilic organic degradation process-
es investigated by Bayazitova et al. [5], the influ-
ence of temperature on the characteristics of liq-
uid fermentation products was analysed. It was 
recorded that changes in substrate composition 
determined the subsequent degree of its stabili-
sation. Within the framework of studying the mi-
crobiological transformation of sludge, Kominko 
et al. [6] investigated the conversion of urban 
sewage sludge into organo-mineral products. 
It was established that changes in biochemical 
structure influenced the efficiency of subsequent 
water treatment. Based on the analysis of the 
biogas sector in Kazakhstan presented by Abil-
mazhinov et al. [7], the conditions for the imple-
mentation of biogas installations were assessed. 
It was established that climatic constraints and 
sensitivity to feedstock composition reduced sys-
tem operational stability.

In assessing lost biogas potential, Yerassyl 
et al. [8] performed a quantitative analysis of or-
ganic waste from livestock and poultry farming. 
It was shown that incomplete involvement of 
feedstock in anaerobic digestion led to significant 
energy losses. In studies on the digitalisation of 
biogas processes, Amirkhanov et al. [9] analysed 
the application of a digital twin of a modular bi-
oreactor. It was confirmed that real-time control 
increased the stability of methanogenesis under 
changing substrate composition.

Within the technical and economic assess-
ment of the energy intensity of wastewater, Fre-
itas et al. [10] considered the potential use of 
biogas for the energy supply of medium-sized 
cities. It was shown that system stability depend-
ed on the degree of substrate purification. From 
the perspective of using biogas as a transport 
fuel, Un [11] analysed the energy potential and 
environmental advantages of gaseous fractions. 
It was revealed that the impact of emissions was 
determined by the quality of preliminary gas 
preparation. In the direction of determining the 
environmental footprint of cogeneration sys-
tems, Ciuła et al. [12] investigated the influence 
of biogas purification depth on pollution per 
unit of generated energy. The study confirmed 
that improving the purification procedure led to 
lower levels of contamination overall. Werkneh 
[13] gathered information on the toxicity of bio-
gas pollutants and the methods used to get rid of 
them, taking into account the most common pol-
lutants and the risks they pose. The composition 
of these contaminants has a major impact on the 
choice of purification methods [14–16].

Miyawaki et al. [17] examined the correlation 
between biogas production and biotechnological 
processes, focusing on the synergistic impacts 
of wastewater treatment and purified biogas on 
the promotion of microalgal development. Their 
results showed that changes in the gaseous envi-
ronment had a big effect on biomass productivity. 
Castellanos-Sánchez et al. [18] performed a com-
prehensive investigation of modern techniques 
aimed at improving biogas purification. Adding 
membrane stages to the process made it much 
more selective. Although there is a lot of infor-
mation, we still need to do more research to ful-
ly understand how different stages, like prelim-
inary filtration, biogas fermentation, membrane 
post-treatment, and the overall environmental 
impact of wastewater treatment, are all connected 
within a single technological framework.

This study aimed to thoroughly evaluate 
wastewater quality, the effectiveness of bio-
gas fermentation, and the results of membrane 
post-treatment. It also looked at how these pro-
cedures together affect the safety of the treated 
water for the environment. The objectives of 
the study were to assess changes in the physi-
co-chemical and microbiological characteristics 
of wastewater at the stages of preliminary filtra-
tion, fermentation, and membrane post-treatment; 
to determine biogas yield and composition under 
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different technological regimes; and to establish 
the level of environmental efficiency of the final 
effluent based on integrated chemical, toxicologi-
cal, and biological indicators.

MATERIALS AND METHODS

The studies were carried out in 2025 at Abay 
Myrzakhmetov Kokshetau University (Akmola 
Region, city of Kokshetau) within the framework 
of a grant-funded project of the Science Commit-
tee of the Ministry of Science and Higher Edu-
cation of the Republic of Kazakhstan for 2025–
2027, IRN AR 26194475, entitled “An Innovative 
Approach to Biogas Production through Filtra-
tion and Utilisation of Wastewater of the City of 
Kokshetau”, using pilot-scale biogas fermenta-
tion and membrane post-treatment installations. 
Water quality analyses, as well as additional mi-
crobiological and toxicological analyses, were 
performed in the accredited analytical laboratory 
of the Limited Liability Partnership (LLP) “NPP 
Ecology of the Future” (Kokshetau, Kazakh-
stan). The initial material consisted of wastewater 
from the city of Kokshetau collected at the inlet 
of municipal wastewater treatment facilities and 
after mechanical filtration. The studies were con-
ducted in compliance with the European Code 
of Conduct for Research Integrity [19], the prin-
cipal framework of scientific ethical standards. 
Sampling was carried out using Hach Sigma 900 
automatic samplers (USA) every 2 hours over a 
24-hour period to form an integrated daily com-
posite sample. Samples were transported at 4 °C 
and analysed within 24 hours.

Wastewater quality parameters before and 
after preliminary filtration were determined us-
ing a set of analytical methods. Suspended solids 
(mg/L) were assessed gravimetrically after filtra-
tion through Whatman GF/C membranes (UK) 
with drying using Ohaus PR223 balances (USA). 
Turbidity (NTU) was measured using a Hach 
2100N nephelometer (USA). Biochemical oxy-
gen demand BOD₅ (mg O₂/L) was determined us-
ing an OxiTop Control WTW system (Germany) 
after 5-day incubation. Chemical oxygen demand 
(COD) (mg O₂/L) was measured using a Hach 
DR3900 photometer (USA) by the dichromate 
oxidation method. Ammonium (NH₄⁺), nitrates 
(NO₃⁻), and phosphates (PO₄³⁻) were determined 
using a Metrohm 881 Compact IC Pro ion chro-
matograph (Switzerland). Anionic and non-ionic 

surfactants (mg/L) were measured spectrophoto-
metrically using a Shimadzu UV-1900 (Japan). 
Petroleum products (mg/L) were determined us-
ing a Horiba OCMA-500 infrared analyser (Ja-
pan), while fats and oils were measured gravimet-
rically after hexane extraction. Total dissolved 
solids (mg/L) were determined by drying at 
180 °C. The volume of coarse sludge (mL/L) was 
determined using the Imhoff method [20]. Biogas 
yield potential (m³/kg of removed COD) was cal-
culated based on COD reduction measured using 
a Hach DR3900 photometer (USA).

Biogas yield and composition under differ-
ent technological regimes were studied in labo-
ratory-scale Upflow Anaerobic Sludge Blanket 
(UASB) reactors with a volume of 10 L under 
mesophilic (35±1 °C) and thermophilic (55±1 °C) 
conditions. Raw wastewater after mechanical fil-
tration was used as the substrate; anaerobic sludge 
was pre-acclimatised for 30 days. The methane 
CH₄ (%) and carbon dioxide CO₂ (%) fractions 
were determined using an Agilent 7890A gas 
chromatograph (USA) equipped with a flame ion-
isation detector (FID) and a thermionic detector 
(TID). Hydrogen sulphide H₂S (ppm) was meas-
ured using Dräger Polytron 8100 electrochemical 
sensors (Germany). The hydrogen H₂ (%) fraction 
was determined by gas chromatography using an 
Agilent 7890A (USA) with a thermal conduc-
tivity detector (TCD) and an HP-Molesieve 5A 
column (USA). Volumetric biogas yield (m³/kg of 
removed COD) was recorded using a Ritter TG05 
gas meter (Germany), while gas production (m³/
m³·day) was determined based on the dynamics 
of gas accumulation in the reactor. The concen-
tration of volatile fatty acids (VFA) (mg/L) was 
determined by gas chromatography-mass spec-
trometry (GC-MS) using an Agilent 7890/5977 
system (USA). Fermentation pH was measured 
using a Hach HQ40d electrode (USA), and tem-
perature was controlled by a thermostatic jacket 
with WIKA sensors (Germany). Biogas density 
(kg/m³) was calculated based on the gas mixture 
composition determined chromatographically, 
using formula (1):

	

 

1 

𝜌𝜌𝑏𝑏𝑏𝑏 = ∑ 𝑦𝑦𝑖𝑖𝑛𝑛
𝑖𝑖=1 𝜌𝜌𝑖𝑖  (1) 
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𝐴𝐴×𝑡𝑡   (2) 
 
𝐹𝐹𝐹𝐹 = 𝐽𝐽0−𝐽𝐽𝑡𝑡

𝐽𝐽0
 (3) 

 
𝐾𝐾𝑐𝑐 =

𝐽𝐽0−𝐽𝐽𝑐𝑐
𝐽𝐽0

× 100 (4) 
 
𝐼𝐼𝐵𝐵𝐵𝐵 =

𝐵𝐵𝐵𝐵𝐷𝐷5
𝐶𝐶𝐶𝐶𝐶𝐶  (5) 

 
𝑀𝑀 = 𝑁𝑁sample

𝑁𝑁control
 (6) 

 

	 (1)

where:	ρbg – the biogas density, kg/m³; yi – the 
volumetric fraction of the i-th gas com-
ponent; ρi – the density of the pure com-
ponent under the given conditions, kg/m³; 
n – the number of components (CH₄, CO₂, 
H₂, trace gases).
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Gas-phase pressure (kPa) was measured us-
ing WIKA sensors. Inhibitory episodes (cases/
month) were recorded when a sharp decrease in 
gas yield occurred, accompanied by an increase 
in VFA and a drop in pH below 6.5. Membrane 
post-treatment was performed using an ultrafil-
tration module made of polysulfone (Koch Mem-
brane Systems, USA) with a nominal pore size 
of 0.02 µm, operated under cross-flow conditions. 
Specific permeate flux and transmembrane pres-
sure were recorded at the beginning and end of 
the filtration cycle, whereas water-quality param-
eters were determined before and after membrane 
post-treatment. The specific permeate flux (L/
m²·h) was calculated based on the permeate vol-
ume and membrane area using formula (2):
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	 (2)

where:	J – the specific permeate flux, L/m²·h; A – 
the membrane area, m²; V – the permeate 
volume, L; t – the filtration time, h. 

Transmembrane pressure (TMP) (kPa) was 
recorded using WIKA sensors. The Fouling Index 
(FI, arbitrary units) was calculated based on the 
relative decrease in the specific permeate flux us-
ing formula (3):
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where:	FI – the fouling index (FI), arbitrary units; 
J0 – the initial specific permeate flux, L/
m²·h; Jt – the specific permeate flux at time 
t, L/m²·h. 

The rate of deposit accumulation (mg/cm²·h) 
was determined from the increase in mass of the 
membrane element dried using Ohaus PR223 bal-
ances (USA). The colloidal compaction coefficient 
(%) was calculated based on the reduction in per-
meability using formula (4):
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where:	KC – the colloidal compaction coefficient, 
%; J0 – the initial specific permeate flux, 
L/m²·h; JC – the flux at critical pressure, 
L/m²·h. 

Residual total organic carbon (TOC) (mg/L) 
was determined using a Shimadzu TOC-L analyser 
(Japan), while assimilable organic carbon (AOC) 
(mg/L) was determined by a bioassay with meas-
urement of residual organic carbon. Residual 
carbonate hardness (mmol/L) and total alkalinity 

TAC (mg-eq/L) were measured using a Metrohm 
848 Titrino Plus titrator (Switzerland) with auto-
matic endpoint detection. Osmotic pressure (kPa) 
was calculated based on total mineralisation meas-
ured with a portable Hach HQ14D conductome-
ter (USA) equipped with an IntelliCAL CDC401 
conductivity sensor (USA). The silt density index 
(SDI) was determined by filtration through a 0.45 
µm membrane for 15 minutes. Filtrate pH was 
monitored using a Hach HQ40d instrument (USA).

Indicators of environmental efficiency in-
cluded chemical, microbiological, and toxicolog-
ical parameters recorded before treatment (after 
mechanical and preliminary filtration) and after 
complete processing, which made it possible to 
assess the depth of contaminant reduction at the 
final stage. Nitrites NO₂⁻ (mg/L), residual organic 
nitrogen Org-N (mg/L), and complex phosphates 
(mg/L) were determined using a Metrohm 881 ion 
chromatograph (Switzerland). Total heavy metals 
(mg/L) were measured by inductively coupled 
plasma optical emission spectrometry (ICP-OES) 
using a PerkinElmer Optima 8000 (USA). Mi-
croplastics (particles/L) were determined by fil-
tration through 0.45 µm membranes and particle 
counting under a Leica DM500 microscope (Ger-
many). Residual anionic surfactants (A-SAS) and 
non-ionic surfactants (N-SAS) (mg/L) were re-
corded spectrophotometrically using a Shimadzu 
UV-1900 (Japan) based on a two-stage colour re-
action. Residual toxicity (% survival) was deter-
mined by a 48-hour bioassay using Daphnia mag-
na with visualisation under a Leica EZ4 stereom-
icroscope (Germany). The biodegradability index 
BOD₅/COD (dimensionless) was calculated from 
BOD₅ and COD values using formula (5):
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	 (5)

where:	 IBD – the biodegradability index (BOD₅/
COD ratio), dimensionless; BOD5 – the 
biochemical oxygen demand over 5 days, 
mg O₂/L; COD – the chemical oxygen de-
mand, mg O₂/L.

The number of Clostridium spp. spores (CFU/L) 
was determined by membrane filtration on selective 
media (Sigma-Aldrich, USA), followed by incuba-
tion in a Binder BD56 thermostat (Germany). The 
residual mutagenicity index (Ames test, arbitrary 
units) was calculated based on the number of re-
vertant colonies of Salmonella typhimurium strains 
TA98 and TA100 grown on Oxoid media (United 
Kingdom), using formula (6):
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where:	M – the residual mutagenicity index, ar-
bitrary units; Nsample – the number of re-
vertant colonies in the analysed sample; 
Ncontrol – the number of revertant colonies 
in the negative control. 

Residual viral load (adenoviruses, copies/L) 
was measured by qPCR using an Applied Biosys-
tems 7500 system (USA). Calculation of mean 
values, standard deviations, and coefficients of 
variation was performed using Statistica 12.0 
software (USA).

RESULTS

Efficiency of pollutant reduction at the pre-
filtration stage

One of the indicators demonstrating the high-
est filtration efficiency is turbidity, the reduction of 
which reached 64.7%. Such a decrease indicates a 
high capacity of the filtration system to retain both 
coarse-dispersed and fine-dispersed inclusions. 
The big drop in turbidity, which is closely related 
to the amount of colloidal particles, organo-miner-
al aggregates, and dissolved flocs, shows that the 
water’s physical and chemical state has stabilised 
before it goes into the anaerobic reactor. The big 
drop in suspended solids, which went down by 
54.7%, is directly related to the big drop in turbidi-
ty. This drop is a strong sign of good performance, 

which shows how important preparatory thera-
py is. By lowering the load on the bioreactor, the 
chance of dense particles building up and blocking 
the reactor surface is reduced [21]. The amount of 
fats and oils was cut by 45.6%, which is a big im-
provement. Fats and oils are known to cause big 
difficulties in city sewer systems by producing 
thick clumps and grease build-ups. The technology 
was able to separate some hydrophobic fractions, 
which reduced the fat content by almost half. This 
reduced the risk of stopping methanogenesis. The 
strong ability to get rid of fat is linked to a rather 
small drop in petroleum products (23.8%). This 
means that the filters are good at soaking up big-
ger organic molecules but not so good at handling 
hydrocarbons that are spread out in small amounts.

On the other hand, the dissolved mineral 
components didn’t change much. The drop in ni-
trates was small, only about 10.8%. This is be-
cause nitrate ions are more soluble, which makes 
it harder for them to stick to the solid particles 
that mechanical filters usually get rid of. A sim-
ilar pattern was observed for ammonium, with a 
decline of 14.3%. This result is expected because 
the substance is ionic and there isn’t much sorp-
tion onto the filter parts. The statistics show that 
first filtration has little effect on the mineral con-
tent of the water. This shows that more treatment 
methods are needed in the next stages of filtering.

In contrast, the potential biogas yield in-
creased by 14.3%. This increase may have result-
ed from favourable changes in wastewater com-
position after preliminary filtration, including the 
partial removal of suspended, hydrophobic, and 

Table 1. Parameters of wastewater quality prior to and subsequent to preliminary filtration

Indicator (with units of measurement) Before filtration After filtration Efficiency, %

Suspended solids, mg/L 320 145 54.7

BOD₅, mg O₂/L 185 128 30.8

COD, mg O₂/L 420 295 29.8

Turbidity, NTU 68 24 64.7

Ammonium (NH₄⁺), mg/L 28 24 14.3

Nitrates (NO₃⁻), mg/L 6.5 5.8 10.8

Phosphates (PO₄³⁻), mg/L 3.4 2.5 26.5

Surfactants, mg/L 1.55 1.32 14.8

Petroleum products, mg/L 4.2 3.2 23.8

Fats and oils, mg/L 46 25 45.6

Total solids, mg/L 970 820 15.5

Volume of coarse sludge, mL/L 52 41 21.1

Biogas yield potential, m³/kg of removed COD 0.21 0.24 +14.3

Note: compiled by the authors based on All European Academies [19], HACH Company World Headquarters [20].
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other substances that could interfere with anaer-
obic digestion and improved accessibility of the 
remaining organic fraction to anaerobic microor-
ganisms. This represents a possible explanation 
for the observed increase rather than a directly 
confirmed mechanism.

Most measures revealed a general drop, but 
some changed less dramatically. These changes 
are nonetheless significant for a full evaluation of 
the system. For example, phosphates went down 
by 26.5%, which means that some phosphate ions 
were taken out, probably by adhering to organic 
aggregates that the filter caught. The dry residue 
also dropped by 15.5%, which shows that filtra-
tion does work, albeit not as well for dissolved 
salts and tiny particles (Table 1). 

Thus, the analysis of maximum and minimum 
values confirms that preliminary filtration exerts a 
pronounced effect primarily on suspended, turbid, 
and hydrophobic fractions, while having a mini-
mal impact on dissolved mineral and ionic com-
ponents. High efficiency indicators for turbidity, 
suspended solids, and fats directly demonstrate 
the potential of the technology for preparing wa-
ter for anaerobic digestion, whereas the weak 
dynamics of ammonium and nitrates indicate the 
need for subsequent stages to achieve regulatory 
requirements. The increase in biogas yield poten-
tial observed alongside reductions in suspended, 
hydrophobic, and other contaminant fractions is 
consistent with the possibility that preliminary 
treatment creates more favourable conditions for 
anaerobic digestion; however, this mechanism 
was not directly confirmed in the present study.

Gas generation parameters under 
mesophilic and thermophilic conditions

One of the indicators exhibiting the highest 
values was gas production, which under mes-
ophilic conditions amounted to 0.75–0.92 m³ 
of biogas per 1 m³ of reactor volume per day, 
whereas under thermophilic conditions it reached 
1.05–1.18 m³/m³·day. The lower and upper lim-
its reflected changes in gas generation intensity 
during the transition from a moderate temperature 
range to higher temperatures. Gas production val-
ues under thermophilic conditions were consist-
ently higher than the corresponding mesophilic 
values, indicating the temperature dependence of 
the rate of organic matter degradation. Since bio-
gas volume represented the outcome of the com-
bined processes of hydrolysis, acetogenesis, and 

methanogenesis, differences between the regimes 
reflected varying degrees of completion of these 
stages under the given conditions.

The secondary cluster of elevated values was 
associated with the methane (CH₄) component. 
Under mesophilic conditions, methane concen-
trations ranged from 58% to 64%, and under 
thermophilic conditions, they elevated to be-
tween 66% and 71%. These readings represent-
ed some of the highest concentrations recorded 
for any components in the gas combination. The 
variation in these values reflects the ongoing 
changes in the biogas composition, while the 
difference between the two temperature regimes 
highlights shifts in the balance of methanogenic 
processes. The increased methane concentration 
at rising temperatures was associated with the 
varying speeds at which methanogenic bacteria 
metabolise acetate and hydrogen. This range of 
values included both stable and more dynamic 
phases of methanogenesis, rendering methane 
concentration an essential measure for compar-
ing various temperature settings. Conversely, 
the lowest values were seen for hydrogen (H₂) 
concentration. Under mesophilic conditions, hy-
drogen concentration varied from 0.4 to 0.7%, 
while under thermophilic conditions it varied 
from 0.2 to 0.4%. These levels were the most 
minimal among all gas components included in 
the table. The data indicated transitional pro-
cesses between the acetogenic and methanogen-
ic phases, as hydrogen served as an intermediate 
product and was swiftly utilised by hydrogeno-
trophic methanogens. The limited range demon-
strated a pronounced sensitivity of hydrogen 
concentration to variations in reaction kinetics 
and its reliance on the pace of subsequent con-
version to methane. As thermophilic conditions 
were established, the minimum values decreased 
further, indicating an altered reaction equilibri-
um at higher temperatures.

Among the indicators exhibiting low values 
was also hydrogen sulphide (H₂S) concentration. 
Under mesophilic conditions, it ranged from 150 
to 180 ppm, while under thermophilic conditions 
it ranged from 110 to 150 ppm. The absolute val-
ues of hydrogen sulphide were higher than those 
of hydrogen but remained significantly lower than 
those of components such as methane and carbon 
dioxide. The range reflected the residual content 
of sulphur-containing compounds in the substrate 
and their transformation under anaerobic condi-
tions. The relatively narrow interval placed this 
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indicator among those with minimal absolute rep-
resentation in the gas mixture.

The group of high values also included the 
concentration of volatile fatty acids (VFA). Un-
der mesophilic conditions, VFA levels ranged 
from 320 to 410 mg/L, whereas under thermo-
philic conditions they ranged from 420 to 510 
mg/L. These values were among the highest 
chemical parameters of the process and reflected 
the level of intermediate products of hydrolysis 
and fermentation. The range demonstrated the 
pattern of organic acid accumulation at different 
stages of substrate biodegradation. The differ-
ence between the regimes indicated changes in 
the rates of hydrolytic and acetogenic processes. 
Although VFAs were not components of the fi-
nal gas, they determined the conditions of sub-
sequent stages and served as a sensitive indica-
tor of potential changes in process performance. 
Gas-phase pressure also belonged to the catego-
ry of high values. Under mesophilic conditions, 
it ranged from 6.2 to 7.1 kPa, whereas under 
thermophilic conditions it ranged from 7.4 to 8.3 
kPa. These values were among the upper range 
of all parameters presented in the table. Pressure 
reflected the cumulative accumulation of gases 
in the reactor and characterised the degree of 
gas-phase saturation. The range remained stable 
within each regime but demonstrated a clear shift 
towards higher values at elevated temperature. 
For comparison of parameters exhibiting oppo-
site trends between regimes, the carbon dioxide 
(CO₂) fraction was used. Under mesophilic con-
ditions, values ranged from 33 to 38%, whereas 
under thermophilic conditions they ranged from 
27 to 32%. This parameter belonged to the group 

with high absolute values but demonstrated a ten-
dency to decrease with increasing temperature, 
distinguishing it from the dynamics of methane. 
The range reflected changes in CO₂ proportion 
resulting from differences in the completeness of 
methanogenic reactions (Table 2). 

Thus, among all numerical data, indicators 
with either the highest or the lowest values were 
identified: gas production, methane concentra-
tion, volatile fatty acid concentration, and gas-
phase pressure – as the principal parameters with 
high values; hydrogen and hydrogen sulphide 
concentrations – as indicators with minimal val-
ues; and carbon dioxide concentration – as a pa-
rameter with high values but dynamics opposite 
to those of methane. These groups formed the ba-
sis for analysing differences between mesophilic 
and thermophilic anaerobic digestion regimes.

Dynamics of filtration processes on the 
membrane module

One of the parameters exhibiting the highest ab-
solute values was transmembrane pressure (TMP). 
At the beginning of the filtration cycle, TMP val-
ues were in the range of 45–55 kPa, increasing to 
72-88 kPa by the end of the cycle. The recorded 
change reflected an increase in hydraulic resistance 
of the filtering surface arising from the accumula-
tion of colloidal particles, organic compounds, and 
coagulation products present in the influent water 
on the membrane. As the resistance progressive-
ly raised, the lower and upper TMP limits slowly 
moved, showing that the membrane’s permeability 
changed while it was in use. The TMP dynamics 
showed that the pressure didn’t rise evenly. At the 

Table 2. Biogas yield and composition parameters under different technological regimes

Indicator (units of measurement) Mesophilic regime Thermophilic regime

Methane fraction (CH₄), % 58–64 66–71

Carbon dioxide fraction (CO₂), % 33–38 27–32

Hydrogen sulphide (H₂S), ppm 150–180 110–150

Hydrogen (H₂), % 0.4–0.7 0.2–0.4

Biogas yield, m³/kg of removed COD 0.28–0.32 0.31–0.36

Gas production rate, m³/m³ of reactor·day 0.75–0.92 1.05–1.18

Volatile fatty acid (VFA) concentration, mg/L 320–410 420–510

Fermentation pH 6.8–7.1 7.2–7.4

Temperature, °C 35–38 50–55

Biogas density, kg/m³ 1.12–1.15 1.15–1.18

Gas-phase pressure, kPa 6.2–7.1 7.4–8.3

Inhibitory episodes, cases/month 2–3 1–2
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start of the cycle, the values stayed close to the low-
er limits and then rose as a fouling layer formed. 
This made it possible to interpret TMP as one of the 
principal parameters structurally and functionally 
reflecting the state of the membrane unit, since it 
was the most sensitive to the combined influence 
of all types of contaminants retained on the surface.

The second group of high absolute values 
comprised osmotic pressure, which determined 
the total content of dissolved salts and low-molec-
ular-weight ions in the water. Before membrane 
treatment, osmotic pressure ranged from 240 to 
250 kPa, whereas after filtration it ranged from 
220 to 230 kPa. Despite the decrease, the absolute 
level remained among the highest of all parame-
ters considered. Changes in osmotic pressure re-
flected redistribution of the mineral fraction, as 
the membrane allowed most salts to pass while 
retaining complex organo-mineral structures. 
Thus, this parameter reflected not purification as 
such, but changes in the structure of the dissolved 
phase under conditions of mechanical-selective 
separation of water and impurities. The drop in 
osmotic pressure showed that the balance be-
tween dissolved salts and eliminated high-molec-
ular-weight complexes had changed, which was a 
sign of mineral composition redistribution.

The silt density index (SDI), which shows 
how likely water is to induce membrane fouling, 
has one of the most noticeable and least noticeable 
final values. Before the membrane stage, the SDI 

was between 6.5 and 7.2 units. After filtration, it 
dropped to between 1.2 and 1.6 units. This range 
was one of the most important adjustments in re-
lation to all the other parameters. SDI defined the 
density of fine-dispersed particles that were not 
captured during the mechanical phase but might 
infiltrate membrane pores. The drop in its value 
was due to a drop in the number of particles that 
were around 0.5 µm or smaller. The small readings 
after the membrane stage showed that this impu-
rity fraction had been greatly reduced. This was 
shown by both the range getting smaller and the 
values getting near to the lower detectable limit.

In contrast to SDI, but also belonging to the 
group of minimal values, the parameter with the 
lowest concentrations was AOC. Prior to the 
membrane stage, its level ranged from 2.8 to 3.4 
mg/L, whereas after treatment it ranged from 0.4 
to 0.6 mg/L. These values were among the lowest 
of all organic parameters presented in the table. 
AOC reflected the concentration of low-molecu-
lar-weight organic substances capable of serving 
as substrates for microbial growth. The decrease 
in AOC level indicated retention of such com-
pounds and reduction of their concentration in the 
filtrate. The post-treatment range demonstrated 
low variability and belonged to the group of min-
imal values, reflecting structural transformation 
of the dissolved organic fraction.

A parameter also associated with low final 
values was residual total organic carbon (TOC). 

Table 3. Performance characteristics of the ultrafiltration membrane stage

Indicator (units of measurement) Initial value Final value

Specific permeate flux, L/m²·h 85–92 58–63

Transmembrane pressure (TMP), kPa 45–55 72–88

Fouling Index (FI), arbitrary units – 16–22

Silt density index (SDI) 6.5–7.2 1.2–1.6

Rate of deposit accumulation on the membrane, mg/cm²·h – 0.45–0.62

Colloidal compaction coefficient, % – 28–35

Residual total organic carbon (TOC), mg/L 22–28 4–6

Adsorbable organic matter (AOC), mg/L 2.8–3.4 0.4–0.6

Residual carbonate hardness, mmol/L 3.6 2.8–3.1

Alkalinity (TAC), mg-eq/L 4.2 3.5–3.7

Osmotic pressure, kPa 240–250 220–230

Note: For specific permeate flux and TMP, the initial and final values correspond to the beginning and end of 
the filtration cycle, respectively; for water-quality indicators, they correspond to measurements before and after 
membrane post-treatment. Thus, among all membrane treatment indicators, the highest values were demonstrated 
by transmembrane pressure, osmotic pressure, and specific permeate flux; the lowest values were observed for 
adsorbable organic matter, residual organic carbon, the silt density index (SDI), and the rate of deposit formation. 
These parameters formed the basis for analysing the processes occurring at different stages of membrane treatment 
and reflected differences between the hydraulic, organic, and dispersed characteristics of the treated water.
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Prior to the membrane stage, its concentration 
was 22–28 mg/L, decreasing to 4–6 mg/L after 
treatment. TOC characterised the total mass of 
dissolved organic substances, and its reduction 
reflected the extent of removal of all groups of 
organic molecules whose size exceeded the mem-
brane pore range. Low TOC values after treat-
ment indicated an improvement in water quali-
ty with respect to dissolved organic content. At 
the same time, a parameter reflecting the rate of 
deposit accumulation on the membrane was re-
corded, amounting to 0.45–0.62 mg/cm²·h. This 
indicator belonged to the group of low values but 
was of key importance for analysing membrane 
fouling. It demonstrated the initial rate of foul-
ing layer formation on the membrane, allowing 
it to be interpreted as a functional marker of the 
transition of the membrane from a state of high 
permeability to one of increased resistance. The 
specific permeate flux decreased from 85–92 L/
m²·h at the beginning of the filtration cycle to 58–
63 L/m²·h at the end of the cycle. This parameter 
combined features of high and decreasing values, 
since its absolute levels remained relatively high 
while the dynamics indicated a reduction in mem-
brane permeability as a result of fouling layer for-
mation (Table 3). 

Environmental quality and treatment 
stability indices

Nitrite (NO₂⁻) concentration was among the 
indicators that demonstrated the lowest final level 
after complete wastewater treatment. Initial values 
were approximately 2.1 mg/L, corresponding to the 
range typical of urban wastewater with active nitri-
fication processes. After the biological phase, mem-
brane separation, and stabilisation of the nitroge-
nous portion, the quantities dropped to about 0.08 
mg/L. This decrease showed that the formation of 
intermediate nitrite had stopped and that nitrogen 
molecules were changing into more stable forms. 
The low values that stayed between 0.08 and 0.12 
mg/L showed that the membrane barrier was able 
to keep both nitrifying cells and suspended particles 
that might be used as substrates for nitrite produc-
tion. This confirmed the completion of biological 
activity and the stability of the nitrogen balance.

A similar trend was observed for residual or-
ganic nitrogen (Org-N), a key component of the 
organic fraction of wastewater. Before treatment, 
the level reached 34 mg/L, which means that there 
were high-molecular-weight structures present, 

like protein molecules, biomass breakdown prod-
ucts, and humic-like complexes. After all of the 
treatment phases were finished, the concentrations 
fell to 7–11 mg/L. This change showed that big 
organic molecules were breaking down during an-
aerobic digestion and that the membrane filter was 
getting rid of colloidal forms. The low final values 
indicated that the filtering barrier either eliminated 
or conserved most of the nitrogen-containing or-
ganic components, which made them less impor-
tant for the environment in the treated water.

A substantial relative change was also observed 
for microplastic content. In the influent water, con-
centrations reached up to 2400 particles/L, which 
is characteristic of urban wastewater containing 
synthetic fibres, abrasive detergent particles, and 
fragments of household plastics. After membrane 
post-treatment, concentrations decreased to ap-
proximately 110 particles/L. A reduction by more 
than an order of magnitude indicated the ability 
of membranes to retain particles smaller than 200 
µm, including fragments that may not be removed 
by conventional methods. The range of 110–180 
particles/L reflected minimal residual quantities. 
This reduction decreased the likelihood of trans-
port of pollutants sorbed onto microplastics – such 
as surfactants, pharmaceutical compounds, and 
heavy metals – that are capable of migrating into 
natural water bodies.

Changes were also observed in residual tox-
icity, determined based on the survival of Daph-
nia magna. Prior to treatment, survival remained 
at approximately 35%, reflecting the impact of a 
complex of toxicants, including poorly oxidisable 
organic substances, surfactants, and micro-pol-
lutants. After the membrane stage, survival in-
creased to the range of 82–91%. This increase 
indicated a reduction in overall toxic impact and 
decreased concentrations of substances capable 
of inhibiting the vital functions of test organisms. 
This parameter reflected the integrated effect of 
the entire treatment process, as bioassays respond 
to the combined presence of contaminants rather 
than to individual substances.

Changes in the structure of the organic frac-
tion were clearly reflected in the dynamics of 
the biodegradability index BOD₅/COD. The in-
itial index was approximately 0.18, indicating 
the predominance of poorly oxidisable organic 
compounds in the influent wastewater. After all 
of the treatment phases were finished, the indi-
cator almost doubled, going from 0.39 to 0.47. 
This meant that the membrane filter was able 
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Table 4. Comprehensive assessment of biological and chemical impacts

Indicator (units of measurement) Before treatment After complete treatment

Nitrites (NO₂⁻), mg/L 1.6–2.1 0.08–0.12

Residual organic nitrogen (Org-N), mg/L 28–34 7–11

Complex phosphates, mg/L 3.2–4.0 0.9–1.4

Total heavy metals, mg/L 0.28–0.35 0.05–0.08

Microplastics, particles/L 1800–2400 110–180

Residual anionic surfactants (A-SAS), mg/L 1.10–1.45 0.12–0.18

Residual non-ionic surfactants (N-SAS), mg/L 0.85–1.20 0.09–0.14

Residual toxicity (Daphnia magna), % survival 35–48 82–91

Biodegradability index BOD₅/COD, dimensionless 0.18–0.24 0.39–0.47

Number of Clostridium spp. spores, CFU/L 1.1 × 10⁴ <10²

Residual viral load (adenoviruses), copies/L 10⁴–10⁵ <5 × 10¹

Residual mutagenicity index (Ames test), arbitrary units 1.8–2.4 0.4–0.6

to eliminate or keep less persistent high-molec-
ular-weight organic compounds. The rise in the 
biodegradability index showed that the structure 
of the residual organic load became more acces-
sible and could be oxidised further. So, variations 
in the index showed that the organic part of the 
water changed in both quantity and quality.

The adenoviruses residual viral load indicator 
was recorded before and after the whole waste-
water treatment. Before treatment, the concentra-
tions were about 10⁵ copies/L, which is typical 
of levels found in municipal wastewater. After 
going through the membrane barrier, the leftover 
concentrations dropped to about 5 × 10¹ copies/L. 
This was one of the biggest drops in all of the mi-
crobiological indicators. Minimal levels showed 
that membrane separation can hold onto virus 
particles that are about the same size as the mem-
brane pore size. The decrease may have occurred 
due to the partial destruction of viral structures 
in anaerobic environments, the elimination of 
cellular carriers, and mechanical retention on the 
membrane surface (Table 4).

The analysis of the selected indicators re-
vealed that the most significant changes occurred 
in areas related to the reduction of nitrite, organic 
nitrogen, microplastics, and viral load concentra-
tions. The levels went down to about the mini-
mum for treated water. Nitrites, which were once 
associated to active nitrogen transformation, were 
brought down to levels that were not significant. 
There was a big drop in organic nitrogen, which 
means that long-lasting organic materials were 
breaking down. Microplastics saw a decrease of 
more than ten times, showing that even tiny, scat-
tered particles were kept in good condition. In the 

end, the viral load dropped by several orders of 
magnitude, which means that almost all of the vi-
ral particles were killed.

DISCUSSION

The results clearly show that the many stag-
es of technology, starting with preliminary filtra-
tion, work to different degrees. The turbidity went 
down by 64.7%, while the suspended solids went 
down by 54.7%. These results highlight the criti-
cal role of mechanical filtration as a fundamental 
process that ensures the stability of subsequent 
treatment phases. This reduction represents a sub-
stantial drop in the dispersed load and reduces the 
likelihood of mechanical siltation in the anaerobic 
reactor. A similar pattern was observed with fats 
and oils, which decreased by 45.6%, hence reduc-
ing the probability of obstructing methanogenesis 
and preventing the formation of dense lipid clus-
ters. Nitrates and ammonium showed almost no 
change, with just 10.8% and 14.3% drops, respec-
tively. This shows that mechanical filtering is not 
very effective in getting rid of dissolved mineral 
compounds. This shows that we need more bio-
logical or membrane-based methods to deal with 
these toxins [22]. Lastly, the findings of the bio-
gas fermentation showed that temperature had a 
clear effect. The higher VFA concentration under 
thermophilic conditions (420–510 mg/L com-
pared with 320–410 mg/L under mesophilic con-
ditions) may reflect faster hydrolysis and acido-
genesis relative to subsequent VFA consumption, 
resulting in greater accumulation of intermediate 
organic acids. At the same time, maintaining the 
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thermophilic regime at approximately 55 °C rath-
er than the mesophilic regime at approximately 
35 °C would be expected to require greater heat 
input; therefore, the higher gas production ob-
served under thermophilic conditions should be 
considered together with the potentially greater 
energy demand of this regime.

Quantitatively, the thermophilic methane frac-
tion obtained in the present study (66–71%) ex-
ceeded the 58.05% CH₄ reported by Ningsih et al. 
[23] during acclimatisation of an anaerobic baffled 
reactor treating tofu wastewater, while the meso-
philic range (58–64%) was broadly comparable. 
For membrane operation, the specific permeate flux 
recorded in the present study (85–92 L/m²·h initial-
ly and 58–63 L/m²·h at the end of the cycle) was 
higher than the 15–25 L/m²·h 20 °C-standardised 
flux reported by Jiménez-Benítez et al. [24] for a 
semi-industrial AnMBR treating urban wastewater. 
These comparisons should be interpreted cautious-
ly because the studies used different wastewater 
substrates, reactor configurations, operating tem-
peratures, and membrane arrangements.

In the context of studies on semi-industrial 
membrane systems, Jiménez-Benítez et al. [24] 
and C. Wang et al. [25] analysed primarily the 
energy and gas-related performance indicators 
of installations designed for the treatment of 
municipal and high-strength wastewater. In the 
study by Jiménez-Benítez et al., it was shown that 
primary attention was devoted to the balance of 
energy consumption of the anaerobic membrane 
bioreactor (AnMBR) system and greenhouse 
gas emissions, whereas the preliminary filtration 
block and the detailed dynamics of turbidity, sus-
pended solids, and fats were scarcely described. 
In the study by C. Wang et al., the main focus was 
the assessment of methane yield and the energy 
feasibility of biomethane production, while mem-
brane post-treatment indicators and a comprehen-
sive analysis of the quality of influent and treat-
ed wastewater were absent. In contrast to these 
works, the present study links reductions in tur-
bidity by 64.7%, suspended solids by 54.7%, and 
fats by 45.6% with a subsequent increase in gas 
production to 1.05–1.18 m³/m³·day, an increase 
in the CH₄ fraction to 66–71%, and an increase 
in biogas yield potential by 14.3%, which makes 
it possible to trace a direct technological chain of 
“filtration – fermentation – environmental effect”.

Within methodological approaches to waste-
water treatment plant configuration, Tsui et  al. 
[26] and Bermúdez et al. [27] mainly considered 

infrastructure development scenarios and oppor-
tunities for water reuse. In the study by Tsui et 
al., it was shown that technology selection pri-
oritised economic trade-offs and cost structures, 
while actual changes in specific effluent quality 
indicators (turbidity, suspended solids, fats, pe-
troleum products) and biogas fermentation pa-
rameters remained outside the focus. In the work 
by Bermúdez et al., primary attention was paid 
to the suitability of membrane-treated effluents 
for agricultural irrigation and compliance with 
sanitary standards; however, the absence of anal-
ysis of biogas composition, methane fraction, and 
VFA dynamics limited insight into anaerobic unit 
performance. Together, these studies highlight 
the importance of considering treatment config-
uration and effluent quality when evaluating inte-
grated wastewater systems.

Within the framework of resource-oriented 
wastewater management, Ulusoy et al. [28] and 
Rey-Martínez et al. [29] emphasised strategic ap-
proaches to sustainable use of water and nutrient 
resources. In the work by Ulusoy et al., the im-
portance of innovative management schemes was 
highlighted; however, the analysis remained at a 
conceptual level without reference to dispersed 
water quality indicators, gas-phase character-
istics, or the influence of preliminary filtration 
on the risk of methanogenesis inhibition. In the 
review by Rey-Martínez et al., combinations of 
technologies for nitrogen and phosphorus re-
covery were systematised, but issues related to 
changes in turbidity, suspended solids, fats, gas 
production, and environmental indices of the final 
effluent were addressed fragmentarily. These re-
source-oriented perspectives emphasise the need 
to assess treatment performance together with 
water and nutrient recovery.

In studies focused on the conversion of waste-
water into intermediate biodegradation products, 
the works of Castro-Fernandez et al. [30] and Porto 
et al. [31] demonstrated broad coverage of tech-
nological approaches. In the study by Castro-Fer-
nandez et al., the production of volatile fatty acids 
(VFA) from a mixture of activated sludge and food 
waste with subsequent environmental assessment 
was examined; however, preliminary filtration pa-
rameters were not included among the factors influ-
encing fermentation kinetics. In the work by Porto 
et al., a bibliometric analysis of biogas utilisation 
over five decades was conducted, focusing on en-
ergy trends without considering changes in influ-
ent water quality and their influence on methane 
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yield. These findings underscore the relevance of 
substrate composition and pretreatment conditions 
to subsequent fermentation behaviour [32–34].

In the context of studies aimed at improving 
methanogenesis efficiency, the research by Ka-
zimierowicz et al. [35] and Ningsih et al. [23] con-
stituted important methodological developments 
but exhibited notable limitations. In the work by 
Kazimierowicz et al., primary attention was paid 
to biogas upgrading and chemical preparation of 
the substrate; however, mechanical wastewater 
quality parameters – suspended solids, fats, petro-
leum products – were not considered as factors in-
fluencing methanogenesis stability. Ningsih et al. 
described acclimatisation of the anaerobic process 
during treatment of soybean-processing waste-
water, but the study did not include assessment 
of changes in water composition prior to fermen-
tation and lacked comparison with preliminary 
treatment stages. In the present study, removal of 
coarse and fine dispersed particles and reductions 
in turbidity, lipid fractions, and petroleum prod-
ucts were accompanied by increased gas produc-
tion potential, which may indicate more favoura-
ble conditions for anaerobic digestion rather than 
a directly confirmed causal mechanism.

In studies related to membrane technologies 
for urban treatment systems, the works of Ber-
múdez et al. [36] and Capodaglio [37] analysed 
the potential for wastewater reuse. In the study by 
Bermúdez et al., primary attention was devoted to 
membrane bioreactors (MBR) and permeate qual-
ity for subsequent agricultural application; howev-
er, total organic carbon (TOC), AOC, silt density 
index (SDI), and transmembrane pressure (TMP) 
were considered without comparison to prelimi-
nary filtration. In the work by Capodaglio, ap-
proaches to resource recovery from urban waste-
water were analysed, but without a detailed link 
to the characteristics of mechanical water prepara-
tion. The combined evidence indicates that mem-
brane performance should be interpreted together 
with upstream wastewater preparation [38–40].

In the field of bioconversion of organic sub-
strates, the works of Alengebawy et al. [41] and 
Garkoti and Thengane [42] examined the poten-
tial of biogas technologies within the context of 
circular solutions. In the study by Alengebawy et 
al., attention was focused on the processing of ag-
ricultural waste with emphasis on anaerobic deg-
radation regimes; however, the dynamics of tur-
bidity, suspended solids, and lipid fractions prior 
to fermentation were not analysed. In the work 

by Garkoti and Thengane, a techno-economic as-
sessment of various biogas plant configurations 
was performed, but the influence of preliminary 
removal of dispersed inclusions on gas gener-
ation and reactor operational stability was not 
considered. The observed reductions in turbidity 
and fats may therefore be relevant to subsequent 
gas-production dynamics, although the mecha-
nism was not directly tested.

In the domain of technological advancement 
in treatment processes, the research conducted by 
Silva [43] and Rodrigues et al. [44] focused on the 
increase of the capabilities of water treatment and 
energy systems. The research conducted by Silva 
investigated the potential for the reuse of treated 
water; however, the alterations in physico-chemi-
cal properties during the filtration process—specif-
ically the decreases in turbidity, suspended solids, 
and fats—were not correlated with the subsequent 
biochemical behaviour of the substrate within the 
reactor. Rodrigues and others put together infor-
mation on biogas production technology from all 
over the world. However, they didn’t compare gas 
mixture metrics, like how methane, carbon diox-
ide, or hydrogen sulphide move about under dif-
ferent conditions, with the quality of the influent 
after mechanical processing [45]. In the present 
data, reductions in lipid and petroleum fractions 
occurred alongside lower H₂S concentrations and 
a higher methane fraction; no statistical correla-
tion analysis was reported.

In the context of substrate quality evaluation 
and resource solution analysis, the studies con-
ducted by Wani and Parveez [46] and Rathore et 
al. [47] investigated the potential for sludge uti-
lisation and compared scenarios of technological 
systems. The research conducted by Wani and 
Parveez examined the qualities of sludge for ener-
gy applications; however, initial reductions in sus-
pended particles, lipid agglomerates, and petrole-
um products were not included in the analysis of 
substrate stability. Rathore et al. did a life-cycle 
assessment of technologies, but they didn’t com-
pare changes in chemical flow parameters like ni-
trate, ammonium, phosphate, and organic matter 
concentrations with the effects of mechanical fil-
tration and how it affects fermentation and mem-
brane stages. Overall, the reductions in nitrites, 
organic nitrogen, and microplastics occurred 
alongside increased Daphnia magna survival and 
a higher BOD₅/COD index, indicating improved 
environmental characteristics of the treated water 
across the integrated treatment sequence.
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CONCLUSIONS

The conducted study provided a comprehen-
sive assessment of the effectiveness of three key 
stages of wastewater treatment: preliminary fil-
tration, anaerobic fermentation, and membrane 
post-treatment. The influent wastewater was char-
acterised by high levels of suspended solids (320 
mg/L), chemical oxygen demand (COD) (420 mg 
O₂/L), biochemical oxygen demand (BOD₅) (185 
mg O₂/L), turbidity (68 NTU), fats (46 mg/L), and 
petroleum products (4.2 mg/L). After mechanical 
filtration, concentrations decreased by 14–65%, 
including reductions in suspended solids to 145 
mg/L (-54.7%), turbidity to 24 NTU (-64.7%), 
and fats to 25 mg/L (-45.6%), while biogas for-
mation potential increased from 0.21 to 0.24 m³/
kg of removed COD (+14.3%). Comparison of 
mesophilic and thermophilic anaerobic fermenta-
tion regimes demonstrated the advantage of the 
high-temperature process. Under thermophilic 
conditions, the methane (CH₄) fraction reached 
66–71%, compared with 58–64% under meso-
philic conditions, and gas production increased 
from 0.75–0.92 to 1.05–1.18 m³/m³·day. At the 
same time, the CO₂ fraction decreased (from 33–
38% to 27–32%) and hydrogen sulphide (H₂S) 
concentration was reduced (150–180 → 110–150 
ppm), which improved biogas quality. A reduction 
in the number of inhibitory episodes was also ob-
served (1–2 versus 2–3 cases/month), and pH was 
more stable (7.2–7.4 versus 6.8–7.1). Membrane 
post-treatment ensured a substantial reduction 
in residual contaminants. Total organic carbon 
(TOC) decreased from 22–28 to 4–6 mg/L, while 
assimilable organic carbon (AOC) was reduced 
from 2.8–3.4 to 0.4–0.6 mg/L. The silt density 
index (SDI) decreased from 6.5–7.2 to 1.2–1.6 
units, indicating increased filtrate stability. En-
vironmental assessment confirmed the depth of 
post-treatment: nitrite levels decreased from 1.6–
2.1 to 0.08–0.12 mg/L, residual organic nitrogen 
from 28–34 to 7–11 mg/L, heavy metals from 
0.28–0.35 to 0.05–0.08 mg/L, and microplastics 
from 1.800–2.400 to 110–180 particles/L. Daph-
nia magna survival increased from 35–48% to 
82–91%, the biodegradability index BOD₅/COD 
increased from 0.18–0.24 to 0.39–0.47, and viral 
load decreased to <5 × 10¹ copies/L. The limita-
tion of the study is associated with the analysis of 
a single type of wastewater and fixed treatment 
regimes. Further research should encompass other 
substrates and variable technological conditions.
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