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Abstract. Background. Determining the effect of combined metal action on the anaerobic microbial association dur-
ing the fermentation process and methane production.

Objective. To investigate the effect of the simultaneous interaction of heavy metal ions (Zn-Fe, Zn-Cu, Zn-Cr, Fe-Cu,
Fe-Cr, Cu-Cr) on the process of biogas production and methane formation in it.

Methods. A laboratory study performed under conditions approximating industrial biogas production, involving the
application of heavy-metal-ion salts and the measurement of the quantitative and qualitative composition of the fi-
nal product.

Results. The combined effect of two heavy-metal ions on biogas production by an anaerobic microbial association is
specific: the synergy of certain metal ions may stimulate the biosynthesis of biomethane while simultaneously inhib-
iting biogas production. In particular, Fe (20 mg/dm?) - Cu (40 mg/dm?®) and Fe (20 mg/dm?) - Cr (10 mg/dm?) ex-
hibit a slight positive effect on biogas yield compared to the control, whereas the interaction of these metal ions with
Zn (5 mg/dm3) reduces the biogas yield but improves its qualitative composition — the methane content increases.
Conclusions. The combined effect of two heavy-metal ions generally reduces biogas production compared to the
control; however, it stimulates the production of a higher methane content in the biogas. Compared with the effect
of a single heavy metal, the combined exposure does not have a positive impact on biogas production, which is at-

tributed to the elevated concentrations of metal ions used in the experiment.
Keywords: heavy metal; Iron; Zinc; Copper; Chromium; biogas; biomethane.

Introduction

The availability and balance of trace elements in
substrates for anaerobic digestion play a crucial role in
determining the efficiency and stability of biogas pro-
duction. This issue becomes particularly pronounced
in biogas plants operating on uniform (mono) feed-
stocks, such as corn silage, barley, or other cereal resi-
dues, which are often characterized by an insufficient
or imbalanced microelement composition. Under such
conditions, deficiencies in essential trace elements
may limit microbial activity and reduce methane
yields, even when organic loading and operational pa-
rameters are optimized.

In addition to natural nutrient limitations, an-
thropogenic factors increasingly influence the ele-
mental composition of biomass used for anaerobic di-
gestion. In Ukraine, extensive agricultural areas have
been affected by military activities, resulting in soil
contamination with heavy metals and their subse-
quent accumulation in crops used as biogas substrates
[1, 2]. Feedstock selection for biogas plants is typically

driven either by the need to utilize available waste
streams (e.g., manure, slurry, distillery stillage) or by
the feasibility of cultivating energy crops within a
30-50 km radius of the facility [3, 4]. These con-
trasting scenarios create fundamentally different con-
ditions for trace element availability during fermenta-
tion.

When multiple substrates are co-digested, the re-
sulting mixture often compensates for individual nu-
trient deficiencies, reducing or eliminating the need
for additional trace element supplementation [4, 5]. In
contrast, mono-digestion systems frequently require
external supplementation due to several interrelated
factors, including cultivation of energy crops on nutri-
ent-depleted soils, inherently low microelement con-
tent in manure derived from animals fed on such bio-
mass, and nutrient losses occurring during feedstock
processing, particularly during ensiling [6-11]. For ex-
ample, sod-podzolic soils prevalent in large regions of
Ukraine are characterized by critically low levels of
molybdenum and nickel, elements essential for key
enzymatic reactions in anaerobic fermentation [7].
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At the same time, the presence of heavy metals in
substrates introduces an additional layer of complexi-
ty. Depending on their concentration, chemical form,
and interactions, metal ions may either stimulate or
inhibit anaerobic microbial processes [9, 12]. Numer-
ous studies have demonstrated that appropriate sup-
plementation with limiting trace elements can in-
crease biogas yield by 5-7% and significantly enhance
methane content. In particular, iron, copper, and
chromium have been reported to stimulate biogas
production within specific concentration ranges,
whereas zinc, despite its essential role in methano-
genesis, may exert inhibitory effects when applied in-
dividually at elevated concentrations [13].

While the influence of individual metal ions on
anaerobic digestion has been extensively investigated
[13-16], substantially less attention has been paid to
their simultaneous presence and interaction. In practi-
cal biogas systems, microorganisms are rarely ex-
posed to single metals in isolation; instead, they en-
counter complex mixtures of trace and heavy elements
whose combined effects may differ markedly from
those observed for individual ions. Existing studies
addressing multi-element interactions remain limited
and often focus on specific substrates or narrow con-
centration ranges [17-19], leaving significant gaps in
understanding the synergistic or antagonistic effects
of combined metal supplementation.

Against this background, the present study aims
to investigate how the simultaneous presence of se-
lected metal ions affects biogas yield and methane
content during anaerobic digestion of cattle manure
under mesophilic conditions. By examining both indi-
vidual and combined effects of iron, copper, zinc, and
chromium at environmentally and technologically rel-
evant concentrations, this work seeks to contribute to
a more realistic assessment of metal-microorganism
interactions in anaerobic fermentation systems and to
support the rational design of trace element supple-
mentation strategies for biogas production.

Materials and Methods

Microorganism consortium. For the study, a
microorganism consortium was prepared using a sus-
pension (inoculum) derived from fresh manure of a
free-range cow. The microbial consortium used in this
research consisted of bacterial phyla predominant in
fresh solid cattle manure, namely
Firmicutes, Bacteroidota, and Proteobacteria, which
correspond to the general “core” of the bovine bacteri-
al microbiome, although the specific taxonomic com-
position of the microbiota was not directly analyzed
within the scope of this research [20]. Prior to prepar-
ing the suspension, the main parameters of the ma-
nure were determined (Table 1): dry matter (DM [21],
organic matter (OM) [22], ash content (A) [23], and pH
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using a stationary laboratory ionometer MI-150. To
prepare the suspension, 1 kg of manure was placed in-
to a 5 L plastic bottle, and 3.6 L of distilled water was
added. The mixture was manually homogenized, and
pH was measured (pH range 6.5-7.5). The bottle was
then incubated in a TC-80M thermostat (dark condi-
tions, 37 + 1 °C) for 60 days, periodically releasing the
biogas formed and manually mixing the medium with
oscillatory movements.

Anaerobic fermentation with metal ions. To
study the effect of metal ions on the anaerobic fermen-
tation process, laboratory methanogenic reactors with
a working volume of 1.5 dm?, a 70% filling factor, and
a wet-type gas holder were used. The concentration of
the organic substrate in the reactor was 8% of the
loading based on dry matter, with moisture content of
90%. For each reactor, 300 g of manure, 200 mL of
homogenized inoculum, 200 mL of distilled water, and
the required concentration of the metal salt (Table 1)
were added. The mixture was homogenized, and pH
was measured (if necessary, adjusted to 7 with 0.1 M
NaOH or HCI). The sealed reactor was placed in a
thermostat at 37 + 1 °C, and the medium was mixed
daily. Biogas yield parameters were recorded
throughout the experimental period of 14 days.

Biogas and methane measurement. The quan-
titative composition of biogas was determined visually
based on the difference in initial readings in a gradu-
ated wet-type gas holder. The qualitative composition
of biogas was assessed at the peak biogas production
on day 7. Methane content in the biogas was measured
using a SAZQ gas analyzer (China).

Statistical analysis. All experiments were per-
formed in triplicate (n = 3) to ensure reproducibility.
Data are presented as the mean + standard deviation
(SD). On the graphs, error bars represent a standard
error of 5% of the mean. Statistical significance of dif-
ferences between experimental groups was evaluated
using one-way analysis of variance (ANOVA) in
Microsoft Excel. Differences were considered statisti-
cally significant at p < 0.05.

Table 1: Concentration of metal ions in an anaerobic environment

Experimental

Metal lon Source Concentration, mg/dm?

Fe3*: FeCl;-6H,0 20
Cu?*: Cu(NO3),-6H,0 40
Zn2*: ZnS0,-7H,0 5
Cr®*: Cr,(S04)3-6H,0 10
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Results

After 60 days of fermentation, the inoculum was
sampled to determine dry matter (DM), organic matter
(OM), ash content (A), and pH (Table 2). The parame-
ters of cattle manure (DM, OM, A) are presented in
Table 2.

The task of the study was to investigate the com-
bined effect of rational doses of individual elements
for several microelements and their effect on biogas
and biomethane production, in particular:

Fe** (20 mg/dm®) in combination with
Cu** (40 mg/dm?®), Zn** (5 mg/dm®) and
Cr** (10 mg/dm?);
Zn** (5 mg/dm®) in combination with
Cu?* (40 mg/dm?) and Cr** (10 mg/dm?);
- Cu** (40 mg/dm3®) in combination with

Cr** (10 mg/dm?3).

1. Effect of Fe3* ions in combination with oth-
er metal ions. The influence of ironions in combina-
tion with other elements on the anaerobic digestion of
cattle manure is shown in (Fig. 1). A sample without
the addition of metal ions served as the experimental
control. The combined effect of iron with copper and
iron with chromium, compared to the control (without
added metals), was positive. However, compared to
the effect of iron ions alone, all samples exhibited a
lower biogas yield.

2. Effect of Cu?* ions in combination with oth-
er metal ions. The combined effect of copper ions
with other metals on the anaerobic digestion of cattle
manure is presented in (Fig. 2). Among the various
metal ion pairs, the combination of copper and iron
produced the highest biogas yield, whereas the cop-
per-zinc pair resulted in the lowest yield. The effect of
copper ions alone on biogas production exhibited a
significantly better dynamic, even compared to the
control (sample without added metal ions).

3. Effect of Zn** ions in combination with
other metal ions. The combined effect of zinc ions
with other metals on the anaerobic digestion of cattle
manure is shown in (Fig. 3). The effect of zinc ions
alone, as well as in combination with iron, copper, or
chromium, exhibited a negative trend in biogas yield.
However, an increase in methane content in the biogas
was observed, despite the reduction in overall biosyn-
thesis productivity of the main product.

4. Effect of Cr®* ions in combination with oth-
er metal ions. The combined effect of chromium ions
with other metals on the anaerobic digestion of cattle
manure is shown in (Fig. 4). Samples containing chro-
mium exhibited a slight increase in biogas yield when
combined with iron compared to the control. Howev-
er, compared to the individual effect of chromium, the
biogas yield was lower under the combined action of

17

metal pairs. The lowest biogas yield was observed for
the chromium-copper combination.

Discussion

Justification of the research experiment

This study was designed to evaluate the com-
bined effects of metal ions (Fe3*, Cu?*, Zn**, Cr**) on
the anaerobic digestion of cattle manure. All experi-
ments were performed in triplicate to ensure repro-
ducibility, and biogas and methane yields were quanti-
tatively monitored over a 14-day fermentation period.
The microbial consortium was obtained from fresh
free-range cow manure, providing a representative
anaerobic microbial community capable of biogas
production under conditions comparable to those of
industrial-scale anaerobic digestion.

Mesophilic conditions (37 *+ 1 °C) were selected
to ensure controlled and stable evaluation of biogas
and methane yields in batch reactors. The applied
metal ion doses were selected based on concentration
ranges previously reported to stimulate methanogenic
activity while remaining below known inhibitory
thresholds. This experimental design enables the iden-
tification of both synergistic and inhibitory interac-
tions between metal ions, providing new insights into
their combined effects on anaerobic digestion, which
have not been previously described in the scientific
literature.

Discussion and interpretation of the results

The results of the study indicated that the most
positive effect on the anaerobic digestion process was
observed for the combination of iron ions (Fig. 1 and
Fig. 2) with copper ions, while a slightly lower effect
was noted for the combination of iron and chromium
ions (Fig. 1 and Fig. 4). The Fe3*-Cu?" interaction ex-
hibited the highest biogas production peak on days 6-7
of fermentation, with a biogas yield 9.7% higher than
that of the control. Moreover, due to the effect of cop-
per ions, the methane content throughout the fermen-
tation period was 22% higher than in the control, with
63.8% methane in the experimental sample compared
to 55% in the control.

Table 2: Raw material and inoculum parameters

Parameter Cattle manure Inoculum
DM, % 16.4940.82 1.5440.08
OM, % 13.66+0.68 1.0040.05

A% 17.1740.85 34.71+1.74
pH 7.210.36 7.7+0.39
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Figure 1. a) Daily biogas yield (V) under the combined effect of Fe3* ions (20 mg/dm?®) with Cu®** (40 mg/dm?),
Zn?* (5 mg/dm?®), and Cr** (10 mg/dm?); b) Total biogas (V) and methane (V) yield over 14 days of digestion under the com-
bined effect of Fe3* ions (20 mg/dm?®) with Cu®* (40 mg/dm?), Zn?* (5 mg/dm?), and Cr** (10 mg/dm?); c) Total biogas yield
over 14 days of digestion recalculated per 1 gram of OM. Data are presented as mean * SD of three independent experiments
(n = 3). Statistical significance was evaluated using one-way ANOVA (p < 0.05).
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Figure 2. a) Daily biogas yield (V) under the combined effect of Cu?* ions (40 mg/dm3) with Fe3* (20 mg/dm?),
Zn?* (5 mg/dm?), and Cr3* (10 mg/dm?); b) Total biogas (V) and methane (V) yield over 14 days of digestion under the com-
bined effect of Cu?* ions (40 mg/dm?) with Fe3* (20 mg/dm?), Zn?* (5 mg/dm?), and Cr** (10 mg/dm?); c) Total biogas yield
over 14 days of digestion recalculated per 1 gram of OM. Data are presented as mean * SD of three independent experiments
(n = 3). Statistical significance was evaluated using one-way ANOVA (p < 0.05).
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Figure 3. a) Daily biogas yield (V) under the combined effect of Zn?* ions (5 mg/dm?®) with Fe** (20 mg/dm?),
Cu?* (40 mg/dm?), and Cr** (10 mg/dm?3); b) Total biogas (V) and methane (V) yield over 14 days of digestion under the
combined effect of Zn?* ions (5 mg/dm?®) with Fe3* (20 mg/dm?), Cu®* (40 mg/dm?), and Cr®* (10 mg/dm?); c) Total biogas
yield over 14 days of digestion recalculated per 1 gram of OM. Data are presented as mean * SD of three independent experi-
ments (n = 3). Statistical significance was evaluated using one-way ANOVA (p < 0.05).



Innov Biosyst Bioeng, 2026, vol. 10, no. 1 21

—a— Control —a— Cr**.Fe** —t—  Cr*-Zn?*
V, dm? @ CptCu?t —e—  Cr*(10 mg/dm?)
300
250
200
150
100
50
0
a)
Vdm?3 mBiogas ® Methane
3000
2500 2315
2050
2000 1750 1810
1389
1500
1128 1199 1086
1000
500
0
Control Fe3*- Cr3* Cu**-Cr’*  Zn**-Cr¥*  Cr¥*(10 mg/dm’)
b)
V, dm®g OM
60 -
50 A
41.35
36.61 37.51
40 - 31.26 32.33
30 -
20 -
10 A
0 = T T T T
Control Fe3t-Cr3* Cu?*-Cr3* Zn**-Cr’*  Cr3*(10 mg/dm?)
©)

Figure 4. a) Daily biogas yield (V) under the combined effect of Cr** ions (10 mg/dm?®) with Fe3* (20 mg/dm3),
Cu?* (40 mg/dm?), and Zn** (5 mg/dm?); b) Total biogas (V) and methane (V) yield over 14 days of digestion under the com-
bined effect of Cr** ions (10 mg/dm?3) with Fe3* (20 mg/dm?), Cu?* (40 mg/dm?), and Zn** (5 mg/dm?); c) Total biogas yield
over 14 days of digestion recalculated per 1 gram of OM. Data are presented as mean * SD of three independent experiments
(n = 3). Statistical significance was evaluated using one-way ANOVA (p < 0.05).
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The results of the research are indicated in a
general schematic diagram (Fig. 5) that outlines the
mechanisms of the combined action of heavy metals at
the key stages of anaerobic digestion (hydrolysis, aci-
dogenesis, methanogenesis).

No previous studies have reported on the com-
bined effect of these concentrations of iron and cop-
per. Compared with samples subjected to individual
metal ions, it can be concluded that the combined ef-
fect is less efficient than the addition of a single metal.
This may be due to the high concentrations of the
compounds in the process, as doses of
Cu®* (~30-100 mg/L) were reported to increase cu-
mulative biogas yield under conditions where copper
was present without iron, suggesting that experiments
with lower concentrations should be conducted [24].
Reference [17] reported increased NH,*-N levels upon
Cu (1 mg/L)-Fe (10 mg/L) addition
(652.83 + 61.88 mg/L) compared to the control with
copper alone (1 mg/L) (476.63 + 37.36 mg/L), which
could have caused slight ammonia inhibition, poten-
tially explaining the lower biogas yield relative to the
single-metal sample.

Another study demonstrated the positive effect
of Fe-Cu during the treatment of sewage sludge: the
methane production rate increased by up to 34.4%,
and the volatile solids (VS) removal rate reached
33.3% when treated with Fe-Cu microelectrolysis
[18]. The oxidation of Fe® to Fe?*/Fe3* and the reduc-
tion of Cu®* to Cu® generate an electron flow, which
partially breaks down complex organic polymers (lig-
nin, cellulose, proteins), making the substrate more
accessible to microorganisms. This process stimulates
the enzymatic activity of hydrolytic enzymes (proteas-

es, glucosidases) and methanogenic enzymes (acetate
kinase, coenzyme F ().

The interaction of Fe**-Cr3* ions resulted in a
13% increase in methane content compared to the
control, although the total biogas yield increased by
only 2.3%. Compared to the effect of individual metals,
this combination showed a significantly lower biogas
yield (23% higher for the iron sample (Fig. 1), and 9%
higher for the chromium sample (Fig. 4)). However, it
is notable that the methane content reached 62% for
the combined metal treatment, compared to 59% for
iron and 60% for chromium.

A study [25] on anaerobic digestion of chicken
manure stimulated with a Fe-Cr-Co complex at low
concentrations showed an increase in methane yield
by 13.6% compared to the control, reaching
267.5 mL/g VSL at concentrations of Fe: 28.6 mg/L,
Co: 16.2 mg/L, and Cr: 3.66 mg/L. This study demon-
strated that the addition of trace elements Cr, Fe, and
Co under anaerobic conditions in batch systems and
laboratory scales successfully increased methane yield
from the substrate; however, the individual effect of
each metal ion was not examined.

It can also be concluded that iron ions positively
influence biogas production at all stages, as confirmed
by other authors [26, 27], while other metal ions pri-
marily enhance the activity of methanogens, resulting
in a significantly higher methane content in biogas
compared to the control.

The Fe**-Zn?* combination affects the fermenta-
tion process differently: due to the inhibitory effect of
zinc on the first three stages of biogas formation (hy-
drolysis, acidogenesis, and acetogenesis), biogas pro-
duction decreases by 8%, whereas during the final
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stage (methanogenesis), zinc exerts a positive effect,
resulting in a 10.6% increase in methane content in
the biogas. Furthermore, the literature reports a posi-
tive effect of iron nanoparticles at a concentration of
100 ppm, which increased biogas production by 180%
and methane production by 234% [28]. This effect can
be explained by the slow dissolution of Fe,03 nano-
particles in the medium, which prevents aggressive
impacts on microorganisms despite the high concen-
tration. Zinc, in turn, plays an important role during
methanogenesis by enhancing coenzyme M activity, so
low concentrations of Zn?* can support methanogene-
sis or process stability [29, 30], while higher concen-
trations lead to partial or complete inhibition. In the
Fe-Zn combination, the inhibitory effect of high zinc
concentrations is neutralized by the positive influence
of iron, preventing inhibition of the anaerobic micro-
bial activity and even increasing methane content in
biogas from 57% to 66%. Compared to the effect of
zinc alone (Fig. 3), the Fe-Zn combination shows a 6%
higher biogas yield and a 17% higher methane yield,
further confirming the positive role of iron on the an-
aerobic consortium exposed to zinc.

The combined effect of copper ions (Fig. 2) exhib-
its a slight positive effect when interacting with chro-
mium: methane production increases by 5%, while
overall biogas production decreases by 15%. In the
Cu®*-Zn** combination, the inhibitory effect on biogas
formation is more pronounced, with biogas produc-
tion decreasing by 17.6%. Nonetheless, a slight stimu-
latory effect of copper combined with other metals on
methane production is also observed. The positive
combined effect of Cu**-~Cr®* has been investigated in
[31], showing that lower concentrations of
Cu (1.82 ug/g DM) and Cr (0.89 ug/g DM) act as mi-
croelements for the anaerobic microbial consortium,
stimulating biogas production and methanogenesis.
Study [32] indicates that Cr®* can be tolerated up to
~50 mg/L, and Cu?®* up to ~40 mg/L in the context of
their combined effect.

The negative impact of the combination of bulk
and nanosized CuO and ZnO particles on biogas and
methane production during anaerobic digestion of cat-
tle manure is confirmed by study [33]. Other authors
also concluded that Cu- and Zn-based nanoparticles
exhibit a material inhibitory effect that intensifies over
time, confirming the toxicity of nanoparticles due to
the release of metals during anaerobic digestion [34].

The stimulatory and inhibitory effects of Cu ions
on anaerobic fermentation remain controversial, as
whether heavy metals act as stimulators or inhibitors
for anaerobic microorganisms depends on the overall
metal concentration, chemical forms of the metals, and
process-related factors such as pH and redox poten-
tial. For instance, the addition of Cu?* has been report-
ed to enhance the hydrolysis of lignin and hemicellu-
lose and the degradation of organic molecules that do
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not contain volatile fatty acids, thereby promoting bi-
ogas production [35]. Certain methanogens, through
their enzymes, exhibit a stimulatory response to
Cu?* (e.g, acetyl-CoM synthase, superoxide dismutase
(SOD), ammonium monooxygenase, etc.) [36].

The effect of the Cu?**-Zn?* combination on the
microbial composition across the three stages of an-
aerobic  fermentation  (hydrolysis, acidogene-
sis/acetogenesis, methanogenesis) was studied in
[19, 37], which explains the inhibitory action of this
combination: Cu?* strongly inhibits Hydrogenispora
(hydrolysis), SBR1031 and Ruminofilibacter (acido-
genesis/acetogenesis), responsible for the breakdown
of complex organic compounds, whereas Zn?*, con-
versely, promotes the growth of SBR1031 during hy-
drolysis and C10-SB1A during acidogenesis - this mi-
crobial group likely participates in hydrolysis or the
degradation of high-molecular-weight substrates [28].
During methanogenesis, the addition of Cu or Zn en-
hances microbial activity, indicating that both metals
exert a positive effect on methanoarchaea or the me-
thane production stage.

The combined effect of chromium (III) and zinc
(II) ions on biogas yield also exhibits an inhibitory ef-
fect: biogas production decreased by 11.7% compared
to the control, although the effect of chromium alone
resulted in a much higher biogas yield - 22% higher
than the combined effect of the two metals and 11.4%
higher than the control. Studies on the combined effect
of chromium and zinc in the literature are lacking;
therefore, the assessment can be made based on the
influence of individual ions on biogas production
[13, 38]. Both zinc and chromium act as cofactors for
enzymes at low concentrations, but at higher concen-
trations, they reduce enzyme activity and may inhibit
protein synthesis in hydrolytic and acetogenic bacte-
ria. This has a negative effect on the initial stages of
biogas formation. However, at the concentrations used
in this study, stabilization of pH and redox potential
occurs, which does not halt the process and even in-
creases methane content in the biogas. This effect is
likely mediated by Methanobacterium spp. and
Methanobrevibacter spp. (hydrogenotrophic methano-
gens) or Methanosarcina spp. and Methanosaeta spp.
(acetotrophic methanogens). Considering that Cr®*
participates in the stabilization of dehydrogenase, re-
ductase, and certain acetogenic enzymes, facilitating
the more efficient conversion of acetate and hydrogen
with CO; into biomethane, it is probable that chromi-
um exerts a positive effect specifically on hydrogen-
otrophic methanogens.

Research limitations

Despite the valuable findings obtained from the
study, several limitations should be acknowledged
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Limitations of the batch system and extrapola-
tion to industrial scale: The batch reactors used in the
experiment do not fully replicate the continuous an-
aerobic digesters used in industrial biogas and bio-
methane production, where substrate heterogeneity
and operational fluctuations may also affect the re-
sults. Therefore, it can be expected that the dynamics
of metal ions and the adaptation of microorganisms of
the anaerobic association may differ under industrial
conditions.

Anaerobic association analysis of microorgan-
isms: The study focused on the process outputs, which
are the products of the vital activity of microorganisms
(biogas and methane), but did not consider investigat-
ing the detailed characterization of the microorgan-
isms of the population exposed to the combined action
of metal ions, which is the goal of further research by
the authors.

Limited metal concentrations: Only certain doses
of metal ions were testedthose that in previous studies
gave a positive effect on biogas and biomethane yield.
Lower or intermediate concentrations may have dif-
ferent effects.

References

Conclusions

An increased concentration of any metal ion (ex-
cept zinc) leads to an increase in biogas yield com-
pared to the combined action of multiple metals. Un-
der the simultaneous action of Fe3*-Cu?*, biogas yield
increased by 9.7%, and Fe3*-Cr3* by 2.3% relative to
the control. At the same time, the methane content in
biogas increased by 22% and 13%, respectively.

The interaction of other combinations of the
studied heavy metals exhibits an inhibitory effect on
biogas yield, but enhances methane content in the bio-
gas: Fe**-Zn?* by 10.6%, and Cr**-Zn** by 3.4%.

It was established that copper, chromium, and
zinc ions have an inhibitory effect during the first
three stages of biogas formation, while exerting a
stimulating effect on methanogenesis.

Interests disclosure

The authors declare no conflicts of interest.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

Datsko O, Zakharchenko E, Butenko Y, Melnyk O, Kovalenko I, Onychko V, Illchenko V, Solokha M. Ecological assessment of heavy metal
content in Ukrainian soils. Journal of Ecological Engineering. 2024;25(11):100-8. DOI: 10.12911/22998993/1926609.

Martynova N, Kolombar T. Phytoremediation technologies promising for the restoration of agricultural lands damaged by military ac-
tions. Regulatory Mechanisms in Biosystems. 2025;16(3):e25155. DOI:10.15421/0225155.

Wall DM, O’Shea R. Biogas systems in industry: An analysis of sectoral usage, sustainability, logistics and technology development. In:
Murphy JD, editor. IEA Bioenergy Task 37; 2025:1. ISBN: 979-12-80907-51-6.

Darmey J, Narra S, Achaw O-W, Stinner W, Ahiekpor JC, Ansah HF, N’guessan BA, Agyekum TO, Nutakor EMK. A review of pretreatment
strategies for anaerobic digestion: Unlocking the biogas generation potential of wastes in Ghana. Waste. 2025;3(3):24.
DOI:10.3390/waste3030024.

Ayantokun AS, Matambo TS, Rashama C, Van der Merwe I, Van Niekerk JA. A critical review of food waste and poultry manure anaero-
bic co-digestion: an eco-friendly valorization for sustainable waste management and biogas production. Frontiers in Sustainable Food
Systems. 2025;9:1-15. DOI1:10.3389/fsufs.2025.1695945.

Neri A, Bernardi B, Zimbalatti G, Benalia S. An overview of anaerobic digestion of agricultural by-products and food waste for bio-
methane production. Energies. 2023;16(19):6851. DOI1:10.3390/en16196851.

Razanov S, Alieksieiev O, Alieksieieva O, et al. The content of heavy metals and trace elements in different soils used under the condi-
tions of homestead plots and field agricultural lands of Ukraine. Journal of Ecological Engineering. 2024;25(6):42-50.
DOI:10.12911/22998993/186820.

Kadam R, Jo S, Lee ], Khanthong K, Jang H, Park ]. A review on the anaerobic co-digestion of livestock manures in the context of sustain-
able waste management. Energies. 2024;17(3):546. DOI1:10.3390/en17030546.

Wang K, Yun S, Xing T, Li B, Abbas Y, Liu X. Binary and ternary trace elements to enhance anaerobic digestion of cattle manure: Focus-
ing on Kkinetic models for biogas Bioresource Technology. 2021;323:124571.
DOI:10.1016/j.biortech.2020.124571.

Song Y, Qiao W, Westerholm M, Huang G, Taherzadeh M], Dong R. Microbiological and technological insights on anaerobic digestion of
animal manure: a review. Fermentation. 2023;9(5):436. DOI1:10.3390/fermentation9050436.

Sarode SD, Kumar D, Mathias D, McNeill D, Kaparaju P. Anaerobic digestion of spoiled maize, lucerne and barley silage mixture with
and without cow manure: methane yields and kinetic studies. Energies. 2023;16(17):6179. DO1:10.3390/en16176179.

Guo Q, Majeed S, Xu R, Zhang K, Kakade A, Khan A, Hafeez FY, Mao C, Liu P, Li X. Heavy metals interact with the microbial community
and affect biogas production in anaerobic digestion: a review. Journal of Environmental Management. 2019;240:266-72.
DOI:10.1016/j.jenvman.2019.03.104.

Golub N, Shynkarchuk A, Kozlovets O, Kozlovets M. Effects of heavy metal ions (Fe3+, Cu2+, Zn2+ and Cr3+) on the productivity of bio-
gas and biomethane production. Advances in Bioscience and Biotechnology. 2022;13:1-14. DOI:10.4236/abb.2022.131001

production and digestate utilization.



Innov Biosyst Bioeng, 2026, vol. 10, no. 1 25

(14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Dinca M, Moiceanu G, Paraschiv G, Voicu G, Ungureanu N, Toma L, et al. The influence of heavy metals on biogas production during the
anaerobic digestion process. In: Proceedings of the 3rd International Conference on Thermal Equipment, Renewable Energy and Rural
Development; 2014 Jun 12-14; Mamaia, Romania. p. 219-24.

Gonzalez-Sudrez A, Pereda-Reyes |, Oliva-Merencio D, Sudrez-Quifiones T, José da Silva A, Zaiat M. Bioavailability and dosing strategies
of mineral in anaerobic mono-digestion of maize straw. Eng Life Sci. 2018;18(8):562-9. D0I1:10.1002 /elsc.201700018.

Zayed G, Winter J. Inhibition of methane production from whey by heavy metals—protective effect of sulfide. Appl Microbiol Biotech-
nol. 2000;53:726-31. DOI:10.1007 /s002530000336.

Tian Y, Zhang H, Sanganyado E. Biodegradability during anaerobic fermentation process impacted by heavy metals. In: New advances
on fermentation processes. IntechOpen; 2019. DOI:10.5772 /intechopen.87161.

Wang Z, Wang R, Yuan H, Zhu N. A novel strategy for high efficiency of anaerobic digestion of waste activated sludge by using a Fe-Cu
microelectrolysis method: performance, electron transfer, key enzymes and microbial community. Water Res. 2025;287(Pt A):124322.
DOI1:10.1016/j.watres.2025.124322.

Cai Y, Cheng M, Liu X, Qu G, Zou H, Li H, et al. Effects of copper and zinc on three-stage anaerobic fermentation of organic wastes. Envi-
ron Res. 2025;284:122216. DOI:10.1016/j.envres.2025.122216.

Wongsaroj L, Chanabun R, Tunsakul N, Prombutara P, Panha S, Somboonna N. First reported quantitative microbiota in different live-
stock manures used as organic fertilizers in the Northeast of Thailand. Scientific Reports. 2021;11:102. DOI:10.1038/s41598-020-
80543-3.

Shynkarchuk MV. Biotechnology of biogas production from fat-containing substrates. PhD thesis. National Technical University of
Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”; 2020. Accessed March 24, 2026. http://ela.kpi.ua/handle/123456789/38428.
APHA, AWWA, WEF. Standard Methods for the Examination of Water and Wastewater. 23rd ed. American Public Health Association;
2017.

VDI. VDI 4630: Fermentation of organic materials - characterisation of the substrate, sampling, collection of material data, fermenta-
tion tests. Verein Deutscher Ingenieure; 2016.

He H, Tian Y, Zhang H, et al. Copper-stressed anaerobic fermentation: biogas properties, process stability, biodegradation and enzyme
responses. Biodegradation. 2017;28(5):369-81.

Ersan M, Senol H. Determination of the optimal concentrations of iron, nickel, and chromium trace elements in anaerobic digestion us-
ing response surface methodology. Karadeniz Fen Bilimleri Dergisi. 2024;14(1):281-94. D0OI:10.31466/kfbd.1402300.

Lu T, Wei Y, Shen P. Effects of ferric oxide on the microbial community and functioning during anaerobic digestion of swine manure.
Bioresour Technol. 2019;287:121393. D0OI:10.1016/j.biortech.2019.121393.

Xing B-S, Su Y-M, Fu Y-L, Wu Y-F, Yan C-H, Wang X-C, Li Y-Y, Chen R. Comparison of the short- and long-term effects of zinc ions on the
anaerobic mesophilic co-digestion of food waste and waste activated sludge: digester performance, antibiotic resistance gene reduc-
tion and the microbial community. ] Hazard Mater. 2024;480:136119. D0OI:10.1016/j.jhazmat.2024.136119.

Casals E, Barrena R, Garcia A, Gonzalez E, Delgado L, Busquets-Fité M, et al. Programmed iron oxide nanoparticles disintegration in an-
aerobic digesters boosts biogas production. Small. 2014;10(14):2801-8. DOI: 10.1002/smll.201303703

Fermoso FG, Collins G, Bartacek ], Lens PN. Zinc deprivation of methanol-fed anaerobic granular sludge bioreactors. ] Ind Microbiol Bi-
otechnol. 2008;35(6):543-57. D01:10.1007/5s10295-008-0315-z.

Tian Y, Zhang H, Zheng L, Li S, Hao H, Huang H. Effect of Zn addition on the Cd-containing anaerobic fermentation process: biodegrada-
tion and microbial communities. Int ] Environ Res Public Health. 2019;16(16):2998. DOI1:10.3390/ijerph16162998.

Verma VK, Singh YP, Rai JPN. Biogas production from plant biomass used for phytoremediation of industrial wastes. Bioresour Tech-
nol. 2007;98(8):1664-9. DOI:10.1016/j.biortech.2006.05.038.

Alrawashdeh KAb, Gul E, Yang Q, Yang H, Bartocci P, Fantozzi F. Effect of heavy metals in the performance of anaerobic digestion of ol-
ive mill waste. Processes. 2020;8(9):1146. DOI1:10.3390/pr8091146.

Luna-delRisco M, Orupold K, Dubourguier H-C. Particle-size effect of CuO and ZnO on biogas and methane production during anaerobic
digestion. ] Hazard Mater. 2011;189(1-2):603-8. DOI: 10.1016/j.jhazmat.2011.02.085.

Ganzoury MA, Allam NK. Impact of nanotechnology on biogas production: a mini-review. Renew Sustain Energy Rev. 2015;50:1392-
404.DOI: 10.1016/j.rser.2015.05.073.

Chen Y, Cheng J], Creamer KS. Inhibition of anaerobic digestion process: A review. Bioresour Technol. 2008; 99(10):4044-4064.DOI:
10.1016/j.biortech.2007.01.057.

Glass B, Orphan VJ. Trace metal requirements for microbial enzymes involved in the production and consumption of methane and ni-
trous oxide. Front Microbiol. 2012;3:61. DOI:10.3389/fmicb.2012.00061.

Cruz VA, Marques RS, Kvamme K, Limede AC, Cidrini FAA, Cidrini IA, Dos Santos Nascimento K, Mackey S], Cooke RF, Farmer C, Heldt J.
Effects of maternal Cu, Mn, and Zn supplementation from different sources on physiological and productive responses of cows and
their offspring. ] Anim Sci. 2025;103:skae391. DOI:10.1093 /jas/skae391.

Golub NB, Shynkarchuk AV. Vpliv ioniv vazhkykh metaliv na vykhid biogazu [Effect of heavy metal ions on biogas yield]. In: Vid-
novlyuvana energetyka ta enerhoefektyvnist u XXI stolitti. Kyiv: Instytut vidnovlyuvanoyi energetyky NAN Ukrainy; 2022. p. 275-7.



Innov Biosyst Bioeng, 2026, vol. 10, no. 1 26

A.B. Wunnkapuyk', H.5. Mony6', M.B. Koanoseub?*, O.A. Koanoseus®, M. Jom6posckic*

"KuiBCbKMIN MONITEXHIYHUIA IHCTUTYT iMeHi Irops Cikopcbkoro, Kuis, YkpaiHa
2TOB «[Mpo-EHeppxi», Kunis, YkpaiHa

3TOB «CDM Engineering», Kuis, Ykpaina

“HoSt Group B.V', EHcxene, HinepnaHam

KOMBIHOBAHUW BM/INB IOHIB BAXKUX METAJIB (Fe**-Cu?*, Fe3*-Zn?*, Fe**-Cr¥*, Cu?*-Zn?*, Cu?*-Cr** ta Zn?*-Cr¥)
HA NPOAYKTUBHICTb BUPOBEHULITBA BIOI'A3Y TA BIOMETAHY

Bcryn. 3'scyBaHHa BnnvBy Aii komGiHaUii meTaniB Ha aHaepobHy acoujalilo MikpoopraHiamiB y npoueci 36poaKyBaHHs Ta NPOAyKy-
BaHHs1 GiomeTaHy.

MerTa. [locnignt BNNuB ogHOYacHOi B3aeMO/Ii ioHIB Baxkux meTanis (Zn-Fe, Zn-Cu, Zn-Cr, Fe-Cu, Fe-Cr, Cu-Cr) Ha npouec BUpobHU-
uTBa 6iorady Ta yTBOpeHHs GiomeTaHy B HbOMY.

MeTtoau. JlabopaTopHe focnigKeHHs B YMOBaX, HabnvxeHnx 40 NPOMMUCMIOBOro BUPOGHULITBA, i3 3aCTOCYBaHHAM BNAMBY COMeWi iOHIB
BaXXKMX MeTarliB 3 BUMIPIOBaHHSM KifbKOCTi Ta SKiCHOrO BMICTY KiHLIEBOrO NMPOAYKTY.

Pe3ynbTatn. KombiHoBaHWi BNNMB ABOX iOHIB BaXKKUX MeTaniB Ha NMpOAyKyBaHHsA biorady aHaepobHO acoujialieto MikpoopraHiamis €
crneumniYHUM: CUHepris Aeskux ioHiB MeTaniB MOXyTb CTUMynioBaTu GiocnHTe3 BiomeTaHy, ane npurHiyyBaTu nNpoAyKyBaHHs Giorasy.
Bokpema Fe (20 mr/gm®) - Cu (40 mr/gm®) Ta Fe (20 mr/gm®) - Cr (10 mr/gm®) MatoTe He3HaYHMIA NO3UTUBHWUIA BNAVB Ha BuXig Giorasy no-
PIBHAHO 3 KOHTpOMNeM, a B3aemMogis 3 LUMX ioHiB meTanie 3 Zn (5 mr/am°) ameHwye Buxig Giorasy, ane nokpailye SKiCHWN NOro cknap, -
BMICT GiomeTaHy niaBULLYETHCS.

BucHoBku. Kom6iHOBaHWI1 BNMB 2-X iOHIB BaXKUX MeTarnis B 3aranbHOMY 3MeHLLYe BUPOGHULITBO Biorasy NOpiBHAHO 3 KOHTPONEM, of-
Hak CTUMYMOE NpoayKyBaHHs BinbLioro BMicTy GiomeTaHy y Giorasi. MopiBHSIHO 3 BNNMBOM Aii OQHOrO BaXXKOro mMeTany, KOMGiHOBaHWM
BMAINB HEMAE NO3UTUBHOIO edhekTy Ha npoLec BUPOGHMLUTBA Biorasy, L0 3yMOBIEHO 3aBULLEHUMM KOHLIEHTpaLisiMu iOHIB MeTaniBs, Lo
BWKOPMCTOBYBanMcs B gocnigl.

KnroyoBi cnoBa: Baxki metanu; 3ani3o; LinHk; Migb; Xpom; 6ioras; 6iomeTtaH.



