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INHIBITORS OF LIGNOCELLULOSIC BIOMASS: MECHANISMS OF ACTION AND IMPACT
ON THE EFFICIENCY OF BIOLOGICAL HYDROGEN PRODUCTION (REVIEW)

Abstract: The work is devoted to the study of inhibitory factors limiting the yield of biohydrogen during
the processing of lignocellulosic biomass (LCB). In this context, dark fermentation is considered one of the
most promising biological methods for producing hydrogen, since it does not require an external energy source,
is compatible with modern reactor technologies and allows the use of a wide range of substrates. The main
barrier to its industrial application remains the accumulation of toxic compounds formed during the pre-
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treatment of LCB and during fermentation. The work summarizes information on the composition and action
of the main inhibitors. The results of the analysis showed that the yield of H, during TF reaches 2-4 mol/mol
sugar (maximum ~3.8 mol/mol hexose), but drops significantly in the presence of: (i) furans (furfural 0.03-8.23
g/l; 5-HMF 0.09-1.59 g/l), (ii) phenolic compounds of lignin (vanillin, syringaldehyde), (iii) organic acids (formic,
acetic, levulinic), (iv) inorganic ions and heavy metals (Zn, Cu, Cr, Ni, etc.), (v) ammonia and sulfates. Dose-
dependent effects and changes in microbial community composition are also discussed, such as the effect of
pH, the reduction in Clostridium abundance due to furfural, or the increase in Clostridium and
Ruminococcaceae abundance with the addition of 5-HMP. Thus, understanding the mechanisms of action of
inhibitors and finding ways to reduce their impact are key areas for improving the efficiency of dark fermentation
and its implementation as a sustainable technology for converting lignocellulosic biomass into biohydrogen.

Key words: dark fermentation, biohydrogen, lignocellulosic biomass, inhibitors, furan compounds,
phenolic compounds, volatile fatty acids, heavy metals.

Introduction

In recent decades, the production of molecular hydrogen (H;) using lignocellulosic biomass
(LCB) has attracted considerable attention from researchers. Both primary plant resources - wheat
straw, rice husks and straw, herbaceous vegetation - and agro-industrial waste, including sugar beet
pulp, sunflower residues, rapeseed and other oilseeds, are studied as substrates [1-3]. The potential
of this direction is confirmed by the scale of available raw materials: the annual global volume of LCB
is estimated at more than 220 billion tons [4, 5], which makes it a virtually inexhaustible and
renewable source for biotechnological processing.

Among all alternative energy sources, molecular hydrogen is considered the most promising,
since it has a high specific heat of combustion, is environmentally friendly (when used, only water is
formed without CO, emissions), can be produced from agricultural waste and lignocellulosic
biomass, facilitates the utilization of by-products and the creation of closed bioeconomy cycles, is
used in the food industry for the hydrogenation of fats and oils [6], saturation of water and drinks in
order to give them antioxidant properties [7], extending the shelf life of meat, dairy and fat products,
and also ensures the energy autonomy of enterprises and a reduction in the carbon footprint of
products [8, 9].

According to Jain R. et al. (Fig. 1) [9], biological pathways for producing hydrogen are divided
into three main directions: fermentation processes, biophotolysis and bioelectrochemical systems.
Fermentation methods include dark fermentation and photofermentation, carried out by mesophilic
and thermophilic microorganisms, as well as sulfur-containing and sulfur-independent phototrophic
bacteria. Biophotolysis, in turn, is divided into direct and indirect and is implemented with the
participation of microalgae and cyanobacteria. Bioelectrochemical systems are represented by
microbial electrolysis cells, the functioning of which is ensured by exoelectrogenic microorganisms.
Each of these approaches is based on specific biochemical reactions, the end result of which is the
formation of molecular hydrogen [9].
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Figure 1. Brief description of processes, organisms and reactions in biohydrogen production [9]

It is worth noting that each of these technologies has its own advantages and difficulties
depending on its feasibility, sustainability and energy efficiency.

Photobiological approaches to hydrogen production, including biophotolysis, appear attractive
because they use sunlight and water. However, their efficiency is limited by low H, yields and the
high sensitivity of hydrogenases to oxygen.

In contrast, dark fermentation exhibits a higher hydrogen production rate, does not require an
external energy source, and can be implemented using a wide range of substrates, including LCB.
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In addition, TF is compatible with existing reactor technologies, making it the most practical method
for biological hydrogen production [10, 11].

The yield of hydrogen in TF reaches up to 3.8 mol H,/mol hexose (using Bacillus, Clostridium,
Thermotoga, etc. cultures), while in photofermentation it is limited to 0.5-2 mol/mol. It is believed that
the theoretical yield limit is 2-4 mol H,/mol sugar depending on the by-products — acetic or butyric
acid. The highest yield values are achieved using simple carbohydrates, while lignocellulosic
materials require special pre-treatment [12, 13].

Despite the obvious advantages of dark fermentation and the wide availability of
lignocellulosic biomass, the key problem holding back industrial implementation of the technology
remains the low yield of hydrogen. As numerous studies in recent years have shown, the main
reason for this is the formation and accumulation of inhibitory compounds that arise during the pre-
treatment of lignocellulosic biomass and the fermentation itself.

This review study systematically analyzes and summarizes various inhibitory factors affecting
DF hydrogen production. Among them are:

* inorganic inhibitors: heavy and light metal ions, ammonia, sulfates and hydrogen.

* organic inhibitors: volatile fatty acids, furan derivatives and phenolic compounds.

* biological inhibitors: bacteriocins and thiosulfinates.

Inhibitor concentrations and mechanisms of action are discussed in detail. Strategies to
reduce their impact are also presented and analyzed. The article suggests directions for further
research aimed at scaling up and commercializing the DF hydrogen production technology [14-16].

1. Main inhibitors of dark fermentation

Despite the advantages of TF, the key problem remains the low yield of H2 when using
lignocellulosic hydrolysates. This is due to the accumulation of by-products formed both at the pre-
treatment stage and during the fermentation itself. The most common inhibitors include furan
derivatives (furfural, 5-hydroxymethylfurfural), phenolic compounds, organic acids, and inorganic
substances - heavy metals, ammonia and sulfates (Fig. 2) [17-20].
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Figure 2 — Inhibitors of DF biohydrogen production [17-20]

The main groups of dark fermentation inhibitors that can act at different stages of the process
— from the composition of the initial substrate and microbial community to the accumulation of final
products — can be classified as follows:

Inhibitors in mixed microflora are H2-consuming microorganisms (methanogens,
homoacetogens, propionate producers, sulfate- and nitrate-reducing bacteria), as well as lactic acid
bacteria, which compete for substrates and shift metabolism.

Metal ions — light metals in excess cause osmotic stress, heavy metals block enzymes and
damage cells. Inhibitors from pre-treatment of substrates — furan derivatives inhibit glycolysis,
phenolic compounds damage membranes and reduce cell viability.

Additional inhibitors — ammonia and its derivatives cause nitrogen stress; high H, levels
inhibit its further formation; accumulation of organic acids and ethanol reduces pH and inhibits
producers. The end products (acetic, butyric, propionic and formic acids, ethanol) when accumulated
cause self-suppression of the process due to a decrease in pH and toxicity to producers [21, 22].

1.1 Inhibition by lactic acid bacteria

Lactic acid bacteria are well known for their antimicrobial properties and are able to partially
or completely inhibit the process of dark fermentation. The mechanisms of suppression of the activity
of hydrogen-producing microorganisms by lactic acid bacteria include several pathways:
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(a) acidification of the environment due to the formation of lactic acid;

(b) production of antimicrobial compounds, such as reactive oxygen species (e.g. hydrogen
peroxide);

(c) secretion of polypeptide antibiotics — bacteriocins [23].

LAB species such as Lactobacillus sp. produce lactic acid as the primary product of
fermentation of carbohydrate-containing substrates, although they can also utilize amino acids and
nucleotides. When mixed microflora are used in dark fermentation (DF) processes, the presence of
LAB acts as a factor suppressing biohydrogen producers (HPB) by competing for substrates or
releasing toxins. LAB compete with HPB for pyruvate and produce lactic acid at the expense of
biohydrogen formation, which leads to a decrease in its yield. In addition, LAB produce toxins that
have a damaging effect on HPB, as a result of which the process is inhibited and biohydrogen
production is reduced.

As for lactic acid itself, its production increases with increasing organic load or substrate
concentration. Some studies report an inhibitory effect of lactic acid on dark fermentative H,
production. Crigler J et al. recorded a decrease in biohydrogen yield from 0.071 to 0.049 m3¥kg
volatile solids with an increase in lactic acid concentration from 2345.6 to 4425.6 mg/L [24]. However,
Wang et al. noted that micro-addition of lactic acid, on the contrary, resulted in an increase in
biohydrogen production to 138.9 ml/g dry matter compared to 101.5 ml/g without the additive [25].
Thus, unlike LAB, the effect of lactic acid itself on DF hydrogen production requires further study
before definitive conclusions can be drawn.

1.2 Inhibitors formed during pretreatment of substrates

Pretreatment of lignocellulosic materials is an important step in the transformation of biomass
into fermentable sugars. It prepares the material for the hydrolysis stage, which breaks down the
lignin and hemicellulose, releasing the cellulose inside [26, 27].

Pretreatment can be applied to both inoculum and substrates. While inoculum pretreatment
aims to enrich H, producers and suppress H, consumers, substrate pretreatment aims to destroy
the lignin «barrier» of lignocellulosic materials, release cellulose molecules into solution, destroy the
crystalline structure of cellulose and promote depolymerization, which ultimately improves hydrolysis
and biohydrogen production [28].

In addition to these positive aspects, pre-treatment of lignocellulose also results in the
formation of toxic by-products such as phenolic compounds, furan derivatives and weak acids, which
can inhibit the dark fermentation process in biohydrogen production [29-31].

Furan derivatives. Acid hydrolysis, which is the most common method, can lead to the
formation of furan derivatives, including 5-hydroxymethylfurfural (5-HMF) and furfural [11].

Furan derivatives are formed mainly as a result of dehydration of pentoses and hexoses.
According to the literature, the concentration of furans formed during substrate pretreatment varies
from 0.12 to 9.82 g/I (furfural — 0.03-8.23 g/I, 5-HMF — 0.09-1.59 g/l). Such concentrations can have
an inhibitory effect on hydrogen production. With a furan derivative content of about 1 g/I, hydrogen
production decreases by 17.9-76.05%, and bacterial growth is not observed at concentrations up to
2.0 g/l. In a continuous hydrogen production system, furfural at a concentration of 1-4 g/l reduced
hydrogen yield by 21-62% compared to the control group [32].

However, the inhibitory effect of furans is highly dependent on the inoculum used. Thus, in
the case of anaerobic reactor sludge, furfural at concentrations of 0.10, 0.50, and 1.00 g/L was
completely decomposed and, therefore, had no inhibitory effect on hydrogen production. It is
possible that some members of the microbial consortium are less sensitive to furans, allowing the
entire community to overcome this limitation. In addition, the addition of HMF can lead to an increase
in the proportion of bacteria of the genus Clostridium and the family Ruminococcaceae. This confirms
that the effect of furans is highly dependent on the inoculum.

The mechanisms of inhibition by furans can be diverse. It has been reported that furans are
capable of changing the structure of the microbial community, inducing the formation of reactive
oxygen species, destroying DNA and inhibiting the synthesis of proteins and RNA, slowing down cell
growth, disrupting the work of glycolytic and enzymatic enzymes, and reducing the permeability of
cell membranes. Also, the main mechanism of inhibition by furans is the disruption of the synthesis
of glycolytic enzymes and the suppression of biomass growth [33-35].

Phenolic compounds. Phenolic compounds are formed during the degradation of lignin during
pretreatment or acid hydrolysis of biomass, and the most typical representatives of this group are
vanillin and syringaldehyde. These substances have a destructive effect on the cell membranes of
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microorganisms: they change their structure, increase permeability or directly damage the lipid layer.
As a result, the cytoplasm loses its protective barrier, becoming vulnerable to extracellular toxins.
Such a violation of membrane integrity is accompanied by a leakage of intracellular components
(proteins, potassium and phosphate ions), which leads to a decrease in the growth rate of bacteria,
inhibition of metabolic activity and changes in fermentation pathways [36].

Aromatic carboxylic acids, which also belong to phenolic compounds, attract special attention
of researchers. Among them are phenolic acids (for example, ferulic and 4-hydroxybenzoic) and
non-phenolic aromatic acids, such as cinnamic. They are usually considered in a single row with
other phenolic compounds, rather than with aliphatic acids, which is due to their structural features.
Thus, the presence of S-(syringyl), G-(guaiacyl) and H-(4-hydroxyphenyl) fragments indicates their
origin from lignin or products of hydrolysis of esterified phenols. Despite the fact that their
concentrations in lignocellulose hydrolysates are relatively low compared to aliphatic acids, they
demonstrate a significantly more pronounced inhibitory effect. For example, up to 6.6 mg/l (0.033
mM) of ferulic acid was detected in corn stover hydrolysates, and up to 210 mg/l in sugarcane
bagasse hydrolysates [37].

Thus, phenolic compounds, including aromatic acids, even in low concentrations are capable
of significantly suppressing the growth of microorganisms, slowing down fermentation processes
and reducing the yield of biohydrogen. Their combined effect with other inhibitors makes it necessary
to develop effective methods for detoxifying hydrolysates to increase the efficiency of bioconversion
of lignocellulosic biomass.

1.3 Organic acids

It is known that anaerobic digestion is a complex biochemical process that proceeds through
successive stages of hydrolysis, acidogenesis, acetogenesis and methanogenesis. During the
stages of hydrolysis and acidogenesis, complex organic substances are broken down into short-
chain volatile fatty acids (VFAS), such as acetic, propionic, butyric, lactic and valeric acids. These
reactions are catalyzed by acidogenic or fermentative bacteria.

At the acetogenesis stage, organic acids are further converted into acetic acid and hydrogen
(Hz), which serve as precursors of methane for methanogenic microorganisms. Acetic acid can be
used directly by methanogens, with about 75% of methane being formed from its degradation.

However, excessive accumulation of VFA (i.e. acidification of the environment) causes an
imbalance between the acidogenic and methanogenic stages [38, 39].

Organic acids are formed by deep degradation of monosaccharides. At low concentrations,
short-chain organic acids may have no effect or even stimulate acidogenic H, formation. However,
as high levels of organic acids accumulate, the pH decreases, which negatively affects hydrogenase
activity and reduces the overall yield of H,.

The pKa of acetic and butyric acids is 4.75 and 4.82, respectively. At low pH, undissociated
volatile fatty acids (VFA) penetrate bacterial cell membranes and dissociate inside the cell (where
the pH is close to neutral), releasing protons and lowering the cytosolic pH. The accumulation of
protons has a negative effect on bacterial growth and metabolism. To restore normal pH, ATPases
pump protons out, spending ATP, which leads to the depletion of cellular energy reserves.
Continuation of this process causes the cessation of microbial growth. In addition, the accumulation
of VFA anions increases the osmolarity of the cytosol, which leads to the development of turgor
pressure and disruption of the integrity of the cell membrane [40].

Volatile fatty acids (VFA). Accumulation of volatile fatty acids (VFA) during processing of
lignocellulosic biomass can significantly inhibit the process of anaerobic decomposition, which leads
to a decrease in biogas yield. It has been shown that the concentration of VFA affects all stages of
anaerobic decomposition, especially hydrolysis and acidogenesis. Inhibition of methanogenic
bacteria activity under the influence of VFA is associated with a drop in pH, which causes a loss of
activity of acid-sensitive enzymes [41].

In addition, significant amounts of undissociated acids are able to penetrate the cell
membranes of microorganisms, destroying macromolecules and disrupting their metabolism. The
optimal concentration of VFA for stable metabolic activity is 2000-3000 mg/l.

At a VFA concentration of about 2 g/l, cellulolytic activity is suppressed, which is especially
critical for the processing of lignocellulosic biomass. At a concentration above 4 g/l, biogas
production is significantly reduced due to the inhibition of glucose fermentation and the slowing down
of cellulose hydrolysis. Local accumulation of VFA in a reactor operating on lignocellulosic waste
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can lead to disruption of the microbial community structure, which causes inhibition of the process
and subsequently leads to its failure [42, 43].

1.4 Inorganic compounds

Inorganic ions present in lignocellulose hydrolysates originate from the lignocellulosic
feedstock itself, from chemicals added during pretreatment, conditioning and hydrolysis, and
possibly from process equipment .

Addition of salts increases osmotic pressure, which may have an inhibitory effect. At
moderate concentrations, it is possible that inorganic ions will enhance ethanol formation similar to
aliphatic acids at low doses. The proposed mechanism is an increased cellular demand for ATP due
to increased transport across the plasma membrane. Additional ATP is formed due to increased
ethanol synthesis, but at the expense of biomass formation [29].

1.5 Inhibition by metals

Microbial cell growth, enzyme activity, and metabolic pathways involved in hydrogen
production by bacteria are highly dependent on low concentrations of trace elements. However,
elevated concentrations of these metal ions can inhibit hydrogen production during dark
fermentation. High metal levels reduce nutrient availability and impair cell membrane function. The
degree of inhibition is influenced by factors such as pH, organic matter concentration, and the
presence of chelating agents [44-46].

Of particular importance is iron, which is necessary for the functioning of hydrogenase. In the
process of enzymatic hydrogen production, ferredoxin, an iron-sulfur protein, plays a key role as an
electron carrier, participating in the oxidation of pyruvate to acetyl-CoA and CO., as well as in the
reduction of protons to molecular hydrogen. Additional iron intake can have a positive effect on the
growth of microorganisms and the rate of hydrogen biosynthesis. However, at excessive
concentrations, deterioration of the physiological state of cells and a tendency of cultures to form
aggregates are observed, which leads to a limitation of mass transfer.

It is known that iron deficiency limits the growth of Clostridium pasteurianum, and a decrease
in iron concentration to 5.7 mmol/l leads to a shift in metabolism towards the formation of lactate
instead of butyrate, without reducing the yield of hydrogen in continuous culture. With sufficient iron
supply (up to 25 mmol/l), Clostridium acetobutylicum exhibits an acidogenic type of metabolism with
the dominance of hydrogen as the main product [38].

Inhibitors of dark fermentation of lignocellulosic biomass include Cd, Cr, Zn, Cu, Ni, Pb. Their
toxicity for biohydrogen producers is manifested in a decrease in hydrogenase activity and damage
to cellular structures.

It was found that the relative toxicity of heavy metals for enzymatic hydrogen production is
distributed in the order: Zn > Cu > Cr. It was found that a 50% decrease in the activity of H, producers
is observed at concentrations of 4.5 mg Zn/l, 6.5 mg Cu/l and 60 mg Cr/l. Other studies have shown
that the degree of toxicity can vary and is presented in the sequence: Cu > Ni > Zn > Cr > Cd > Pb.
Copper had the greatest inhibitory effect, leading to a 50% decrease in biological activity already at
a concentration of 30 mg/l, while lead showed the least effect (>5000 mg/l) [43, 47].

Light metals such as calcium, sodium and magnesium are also essential elements for
microbial growth. Moderate concentrations stimulate growth and metabolic activity, while excess
causes inhibition and toxic effects. For Clostridium cultures with glucose substrate, it has been
established that sodium concentrations in the range of 3,000-20,000 mg/L do not significantly affect
hydrogen yield. However, with a significant increase in Na* concentration, the osmotic pressure of
the medium increases, which can lead to cell inactivation and death. Maintaining sodium
concentration below 20 g/L is considered optimal [14, 48].

Calcium plays an important role in the formation of extracellular polysaccharides, biofilm
formation, cell granulation and biomass sedimentation. It is also a cofactor of alpha-amylase and
proteases, and participates in the structural organization of proteins and the extracellular polymer
matrix. Low concentrations of Ca** improve the processes of adsorption, adhesion and cell
proliferation during sediment granulation, and also enhance hydrogen biosynthesis. At
concentrations of up to 150 mg/l, calcium does not have an inhibitory effect, providing a hydrogen
yield of up to 3.6 mol/mol.

Magnesium (Mg?*) is one of the most common elements in cells and plays a key role in
metabolism. It is necessary for the functioning of many enzymes, in particular kinases and
phosphatases, and is involved in glycolysis reactions. Mg?* concentrations up to 200 mg/L do not
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inhibit hydrogen formation (yield up to 2.84 mol/mol), but at a concentration of 1000 mg/L, a decrease
in yield to 1.72 mol/mol is observed [18].

The effect of nickel in low concentrations (up to 0.1 mg/l) does not have an inhibitory effect,
which is confirmed by the high yield of hydrogen, exceeding 3 mol/mol.

Strategies for controlling metal inhibition in dark fermentation processes remain poorly
understood. Promising approaches include pretreatment methods such as electrodialysis,
biosorption, sulfide precipitation, and co-fermentation to reduce the negative impact of metal ions.

1.6 Ammonia inhibition

As mentioned earlier, ammonia can be produced during dark fermentation (DF) as a result of
nitrate reduction by nitrate-reducing bacteria (NRB) using H, as an electron donor.

Ammonia nitrogen exists as free ammonia (NH3z) or ammonium ions (NH,*). Although
nitrogen (in the form of NH; or NH,") is a nutrient source for bacterial growth, high concentrations of
both NH; and NH,* have been shown to be toxic and inhibitory to anaerobic digestion processes as
well as dark fermentation processes [49].

Among the two forms of ammonia nitrogen (NH; and NH,*), free or unionized ammonia is
considered the major inhibitor because it can easily diffuse across the cell membrane.

When NH; penetrates the cell membrane, it reacts with a proton to form NH,*, which causes
an imbalance in intracellular pH. To compensate for this pH change, the K*/H* antiporter is activated,
resulting in an influx of protons and an efflux of potassium ions K*. The resulting accumulation of
NH,* within the cell membrane can cause inhibition of bacterial activity, such as for enzymes involved
in methanogenesis.

The concentration of free ammonia depends on the total nitrogen content (TAN), as well as
on the pH and temperature of the environment: the higher the pH and temperature, the greater the
proportion of NH3. Therefore, at the same TAN, conditions with a pH of 5.5-6.0 can be safe, while at
a pH above 6.5, noticeable inhibition begins. According to literature, critical TAN values are about
1.5-3.0 g N/I, and the concentration of free ammonia above 80-100 mg N/I already causes inhibition
of the process. At the same time, moderate amounts of NH; can even have a stimulating effect due
to partial inhibition of competing microorganisms, which confirms the nonlinear nature of the action
of ammonia.

The mechanisms of inhibition are diverse: from disruption of the proton-motive force to the
shift of metabolic flows towards by-products (ethanol, lactic acid), which reduces the stoichiometric
yield of hydrogen. Therefore, managing the ammonia level is one of the key engineering parameters.
Practice shows that maintaining pH in the range of 5.2-6.0, adjusting the C/N ratio within 20-40 and
limiting TAN below 1.5 g/l can reduce the risks of inhibition [30, 50].

There are a number of technical approaches to mitigate the effect of ammonia. The most
common of these are co-fermentation of protein waste with carbon-rich lignocellulosic feedstock
(which equalizes C/N), the use of zeolites or biochar to adsorb ammonium ions, and its precipitation
in the form of struvite. In some cases, ammonia stripping or two-stage schemes are used to avoid
the accumulation of toxic concentrations [36].

Ammonia is thus a dual factor: in small quantities it can contribute to process stability, but
when threshold values are exceeded it becomes a serious inhibitor of dark fermentation. For work
with lignocellulosic substrates poor in nitrogen, it is especially relevant when using mixed feeds,
where it is the C/N balance and pH control that determine the stability and efficiency of biohydrogen
production.

2. Conclusion

The efficiency of dark fermentation as a technology for biological hydrogen production is
largely limited by the action of inhibitory factors. The most important role is played by the products
of pre-treatment of lignocellulosic substrates - furan derivatives, phenolic compounds and organic
acids, as well as inorganic ions, heavy metals and microbial competitors, including lactic acid
bacteria and H,-utilizing microorganisms. Their presence leads to a violation of the enzymatic
balance, a change in the structure of microbial communities and a decrease in hydrogen yield.

Despite significant efforts to study the mechanisms of toxic action and develop detoxification
methods, the issues of adaptation of microbial consortia and the formation of their resistance to
inhibitors still remain open. Modern strategies for minimizing negative impact include optimization of
pre-treatment modes, the use of sorption technologies and co-fermentation, as well as regulation of
cultivation parameters.
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Engineering control of the process requires an integrated approach based on: (i) gentle pre-
treatment followed by detoxification of hydrolysates (overliming, biocatalytic oxidation, use of
adsorbents — biochar, zeolites); (ii) maintaining optimal conditions (pH 5.2-6.0; C/N = 20-40; TAN
<1.5 g N/I) to reduce ammonia stress; (iii) control of microelement composition of the environment
to ensure a sufficient level of Fe and exclusion of toxic metals; (iv) reduction of partial pressure of
H, (gas stripping, recirculation, inert gases) to prevent reverse suppression; (v) selection and
enrichment of microbial cultures to suppress H, consumers and limit the activity of lactic acid
bacteria.

Prospects for further research are related to the development of stable microbial consortia,
integration of dark fermentation with other biotechnological processes and the introduction of
combined methods for suppressing inhibitors. The implementation of these areas will improve the
stability and energy efficiency of the process, increase the hydrogen yield and bring dark
fermentation closer to industrial operation, ensuring the rational use of renewable resources and
reducing the carbon footprint in the energy and agricultural sectors.
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NMUrHOLUENNONO3AINbIK BUOMACCAHbIH UHTUBUTOPIIAPBLI: 8CEP ETY MEXAHU3MAOEPI XXOHE
CYTErIHI BUONOIrnAnbIK eHAOIPY TUIMANINHE SCEPI (LLOITY)

byn makanada nueHouenntonosansiKk buomaccarbi (JIUB) eHOey ke3iHOe buocymeeiHiH muimOi
eHOIpinyiHe kedepei kenmipemiH uHaubumopsbiKk ¢hakmoprnap mandaHadbl. byn myprbiGa KapaHfbi
epmeHmayuss cymeaiH anyoObiH eH repcriekmuearnsi buosnoausnblk adicmepiHiH 6ipi 60sbin caHanalsl,
cebebi o cbipmKbl 3HEPaUs KO3iH Kaxkem emieldi, 3aMaHayu peakmopriblK mexHooausinapMmeH yunecimoi
XoHe cybcmpammapdbiH KeH criekmpid natdanaHyra MymkiHOiKk 6epedi. OHblI eHepkacinme KondaHydarbl
Heeizai kedepei JILb andbiH ana eHOey xoHe hepMeHmauyusi KesiHoe myasinemiH yrbl KOocblibicmapObiH
XXUuHakmanybl 6onbin mabbinadsl. Makanada Heezizai uHaubumopriapObiH KypaMbl MEH apekemi myparbl
aknapam xuHakmarnraH. TanGay Hemuxenepi kepcemkeHdel, KapaHrbl hepmeHmavusida H, whifbiMbl 2-4
morbIMonb KaHmKa xemedi (Makcumandsi ~3,8 Monb/Morb 2ekco3sa), bipak (i) pypaHdap (¢pypgbypon 0,03—
8,23 aln; 5-FM® 0,09-1,59 e/n), (ii) nueHUHdIKk cheHondap (eaHunuH, cupuHeanbOeaud), (iii) opeaHukarnsik
KblWKbLdap (KyMbipcKa, Cipke, nesynuH Kbiwkblnbl), (iv) 6eliopaaHukarblK UOHOap MeH aybip Memandap (Zn,
Cu, Cr, NixsHe m.6.), (V) ammuak rieH cynbchammap 6onraH ke30e alimapnbikmal memeHOeuoi.

CoHlOali-ak 0o3zara moyendi ocepriep MeH MUKpPObmMbIK KaybiMOacmbiKmbiH KypamblHOaFbl
e3zepicmep, mbicanel, pH acepi, ¢pypgypondsiH Clostridium caHbIHbIH a3atobiHa bikrnanisl Hemece 5-HMP
KoceinraHOa Clostridium  meH Ruminococcaceae caHbiHbIH apmybl  marskbinadadsl. Ocbkinadwa,
UHaubumopnapObiH acep emy MexaHu3MOepiH MYyCIiHy xoHe osiapldblH acepiH a3zalimy xondapbiH maby
KapaHfbl awbimyObiH muimOinieiH apmmbIpy XoHe OHbl flugHoUesno3ansiKk buomaccaHbl 6uocymekke
aliHandbipydblH Mypakmbl MEXHOI02UsICblI pemiHOe Xy3ezae acbipyObiH Heezidai barbimmapbi 6075bin
mabbinadsbl.

TyliH ce30ep: KapaHfbl chepmeHmayusi, buocymek, nuzsHeuesnnono3ansiK buomacca,
uHaubumopnap, gpypaH Kocblribicmapbl, (heHonObl KOChlnbicmap, ywna mal Kbiwkblndaps!, aybip Memarndap.
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WHIMMBUTOPbI NUTHOLENNIONIO3HOWU BUOMACCHI: MEXAHU3MbI AEUCTBUA U BNIUAHUE
HA 3®DPEKTUBHOCTb BUOJTIOFMYECKOIO NOJNTYYEHUA BOOOPOOA (OB30P)

B daHHOU cmambe npoeodumcs aHanu3 uHaubupyrouwux ¢hakmopos, Komopble npensmcemasyom
aghgbekmusHomy ripoussodcmey 6uosodopolda npu nepepabomke nueHouesnn03Hol buomacce! (JiLB). B
3MOoM KOHmMeKcme meMHasi ¢hepMeHmauusi paccmampueaemcsi Kak oOuH u3 Hauboriee nepcrnekmueHbIX
buonoesudeckux memodos nosy4eHusi 800opoda, MOCKOMbKYy He mpebyem 8HEeWHez0 UCMOYHUKa 3Hepauu,
COBMECMUMO C COBPEMEHHbLIMU PeaKmOPHbIMU MEXHOM0_2USMU U 10380/155em UCMOob308ambe WUPOKUL
criekmp cybcmpamos. OcHOBHbIM rnpensmcmeueM O7ii €20 MPOMbIWIEHHO20 MPUMEHEHUsT sersgemcs
HaKor/eHUe mMOKCUYHbIX CoeduHeHUl, obpa3youwjuxcs 8 npouecce rpedsapumesibHol obpabomku u camol
pepmenmayuu JILB. B cmambe 060bweHa uHgopmayus o cocmaese u delicmeuu OCHOBHbIX UH2Uubumopos.
Pesynbmamel aHanusa rokasbigarom, 4mo rpu memHolU epmeHmayuu 8bixod H, docmueaem 2-4
MOJsIb/MOsIb caxapa (Makcumym ~3,8 MOSb/MOIIb 2eKC03bl), HO 3HaYUMeribHO CHUXaemcs 8 npucymcemeauu: (i)
¢ypaHos (¢pypgpypon 0,03-8,23 e/n; 5-TM® 0,09-1,59 a/n), (ii) nueHo8bIx ¢heHO08 (8aHUMUH, CUPEHEBbIL
anbdeaud), (iii) opzaHUYECKUX KUC/IOM (MypasbUHasi, yKCyCHasi, negyniuHoeas Kucsiomay), (iv) HeopaaHu4eCcKux
UoHO8 U msxenbix memasnnos (Zn, Cu, Cr, Ni u 0p.), (v) ammuaka u cynbchamos. Takxe obcyxdaomcs
do3o3asucumbie 3ghcheKkmbl U USMEHEHUS 8 cocmase MUKpobHOo20 coobujecmsa, makue Kak efnusHue pH,
CHUxeHue yucneHHocmu Clostridium u3-3a gypgypona unu ysenudyeHue 4ucneHHocmu Clostridium u
Ruminococcaceae npu dobasneHuu 5-HMP. Takum o6pa3omMm, mnoHUMaHue MexaHu3mMos Oelicmausi
UHaubumopos u rnouck crnocobos CHUXeHUSI Ux 8030elicmeusi S8/ISIFMCS KII0Ye8biMU HarpasneHussMu Orisi
rosbiweHUss aghpekmusHocmu memMHoU epMeHmayuu u eé 8HedpeHuUsl 8 Kadecmee ycmou4vueol
mexHOoso2uu rnpeobpaszosaHust 1u2HOUes103HoU buomaccel 8 6uo08odopo0.

Knroyeenie cnoea: mémHas c¢pepmeHmauyus, 6uoeolopod, JsusHouenno3Has buomacca,
UHaubumopsl, hypaHoeble coeOUHEHUS, (PeHOMbHbLIE COEOUHEHUS, Temyyue XUPHbIE KUCIOMbI, MsXKErbie
memarnsbl.
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WCCINEQOBAHMUE NULLEBON N BUONTONMYECKOW LEHHOCTENA KOMMNO3UTHOWU MYKHN
N3 JIbHAHOIO U KOHOMJIAHOIO XXMbIXA

AHHOmMauyus: B cospemeHHbix uccriedogaHusix (byHKUUOHasbHbIX MPOOyKmos numaHusi ocoboe
e8HuMaHue ydesnsemcsi pa3pabomke KOMIO3UumHbIX UH2pedueHmMo8, criocobHbIx obozawjame payuoH 6esiKoMm,
sumamuHamu, MuHepanamu u buosioau4eckUu akmugHbIMU coeduHeHUsIMU. B Hacmosuwel pabome nposedéH
KOMI/IEKCHbIU aHanu3 KOMno3umHouU MyKu, nosTy4eHHOU U3 JIbHSIHO20 U KOHOM/ISIHO20 XMbIXa 8 COOMHOWEeHUU
1:1, ¢ uenblo oUeHKU eé bUIUKO-XUMUYECKUX XapaKkmepucmuk, eumaMUuHHO20 U MUHepaslbHo20 cocmasa,
aMUHOKUC/IOMHO20 rpoguns U aHmuokcudaHmHoOU akmueHOCmu, a makxe ornpedesneHusi nomeHyuarna
rpUMeHeHUs 8 (hyHKUUOHarbHbIX U 0bo2auéHHbIX NpodyKmax numaHus.

Pesynbmamel uccnedogaHusi npOOeMOHCmMpUposasnu, 4Ymo KOMMo3umHas Myka obnaldaem
cywecmeeHHO boree ebicOKUM codepxaHuem nuujesbix eonokoH — 11,03 + 0,13 %, no cpasHeHuro ¢
rnweHu4Hou mMykol ebicwezo copma (0,1-0,15 £ 0,02 %). AHanu3 sumaMuHHO20 cocmaesa riokasas Haau4due
3Ha4YumeribHbIX Kornudecme sumamuHa E (92,02 = 0,96 m2/100 2) u eumamuHos epynns! B (B1, B2, B3, BS,
B6, gponuesas kucrioma), codepxaHue KOmopbIx MHO20KpamHo rpesgbiliaem rnokasamesnu nueHUYHou MyKu.
MunrepanbHbil npogunb xapakmepu3dyemcs rnosbleHHbIM codepxaHuem xenesa (11,70 £ 0,14 me/100 &),
MmazHus (256,7 = 3,1 me/100 2), kanbyus (200,17 £ 2,41 m2/100 &), gpocgpopa (582,10 + 6,98 me/100 2) u yuHKka
(3,56 £+ 0,04 m2/100 2), a Hanu4ue tioda (0,0069 £ 0,0001 me/100 2) pacwupsiem criekmp MUKpPO3/1eEMEHMO8.

AMUHOKUCITOMHBbIU aHasu3 rokasasl 8bICOKOe co0epXXaHUe He3aMeHUMbIX U YCII08HO HEe3aMeHUMbIX
aMUHOKUC/IOM, BKJIroYasi apeUHUH, JIU3UH, n1eliyuH, u3onelyuH, 8asiuH U MemuUOHUH, 4mo rnodmeepxdaem
8bICOKYI0 buornoaudeckyto UeHHocmb b6ernka. Kommnosumdasi Myka makxe obrnadaem ebipaxeHHoU
aHmuokcudaHmHol akmueHocmbio, obecrieqyugass 3awumy AunuOHbIX U 6EnKosbIX Ccmpykmyp om
OKUCIUMesbHbIX MPoueccos.

lMony4yeHHble  pe3ynbmambl  ceudemesibCmayrom 0  Uesiecoobpa3Hocmu  UCMOJIb308aHUs
KOMIMO3UMHOU MyKU U3 JIbHSIHO20 U KOHOM/ISIHO20 XMbixa 8 peyenmypax (byHKUUOHasIbHbIX, 0602alWéHHbIX U
npogunakmuyeckux rnpodyKkmoa numMaHusi, 8KoYasi MscopacmumesibHble U30esiusi, C UeJibio M08bIUEHUS
HympumugeHoU YeHHOCMU, Yy4WeHUsI MEeXHOI02U4eCKUX C80LUICMS8 U MpoJsIoH2ayuU CpoKa XpaHeHUs.

Knroyeenie crioea: KOMMO3UmMHasi MyKa; KOHOMSIHbIU XMbIX; JIbHSIHOU XMbIX, nuujeeasl UeHHOCMb;
buonoesuveckas UeHHOCMb; aMUHOKUCITOMHbIU cocmas; oyHKUUOHaIbHbIE MPOOYKMbI MUMaHus.

BBegeHune

B nocnegHue rogbl pacteT MHTEpPEeC K co34aHuio (PyHKUMOHANbHbBIX NPOOYKTOB NUTaAHUSA C
NCNONb30BaAHMEM pPACTUTENbHBIX KOMMOHEHTOB, CMOCOOHbIX YnyylaTb 300POBbE YerioBeka U
KOMMNEHCMPOBaTb HEAOCTATOK OTAENbHbIX HYTpMEHTOB [1, 2]. JIbHSHOM M KOHOMASHBIA KMbIX
npeacTaensoT cobon 6oratble UCTOYHMKM Bernka, NULLEBLIX BOMOKOH, BUTAMUHOB, MUHEPAarnoB U
BGronornyeckn akTMBHbIX coeamHeHnin. CoOBMECTHOE MCMOSb30BaHNE 3TUX KOMMOHEHTOB NO3BONSAET
NoMy4YnTb KOMMO3UTHbIE NPOAYKTbI C NOBbILLEHHON NUTATENbHOM U BUONOrMYECKON LLEHHOCTLIO [3].

ISSN 2788-7995 (Print) [IIokopiM yHHBEpCUTETiHIH Xabapubichl. TexHuKanbIK FeutbiMaap Ne 4(20) 2025 466
ISSN 3006-0524 (Online) Bulletin of Shakarim University. Technical Sciences Ne 4(20) 2025


mailto:k_bekbaev@mail.ru
https://orcid.org/0000-0001-9591-0370
https://orcid.org/0000-0001-9591-0370
mailto:akerke.0192t@gmail.com
https://orcid.org/0000-0002-2061-1699
https://orcid.org/0000-0002-2061-1699
mailto:zhanar_moldabaeva@mail.ru
https://orcid.org/0000-0001-6384-0646
https://orcid.org/0000-0001-6384-0646
mailto:kuanysh.moldakashev@gmail.com
https://orcid.org/0009-0008-7108-3129
mailto:fquekm2710@mail.ru
https://doi.org/10.53360/2788-7995-2025-4(20)-55

