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Background. In the last decades, humanity has faced the challenge of finding new ways to obtain renewable,
environmentally friendly energy carriers. Hydrogen is one of such energy carriers; however, the current me-
thods of its production require fossil fuels and are accompanied by significant CO, emissions. Consequently,
the energy costs needed to obtain hydrogen by electrolysis exceed the amount of energy produced by burning
the hydrogen. Simultaneously, the hydrogen yields for alternative ways, such as fermentation, remain low.
Objective. The aim of the work is the development of approaches to intensify the biohydrogen obtaining
process from agricultural waste.

Methods. An increase in hydrogen yield was achieved using specifically grown microorganisms of the
Clostridium spp. A combination of the waste fermentation process with the production of hydrogen in a mi-
crobial fuel cell (MFC), which was fed with the liquid fraction after fermentation, was employed.

Results. The yield of hydrogen depends on the component composition of the raw material. Higher lignin
content in the raw material reduces the yield of hydrogen. The addition of Clostridium spp. to the natural
consortium in the amount of 10% of the total inoculum led to an increase in hydrogen yield. The combina-
tion of two processes — fermentation and hydrogen production in a MFC — increased the yield of hydrogen
by 1.7 times, along with a higher degree of organic raw materials utilization.

Conclusions. The additional introduction of Clostridium spp. to the hydrogen-producing consortium leads to
a 7—10% increase in the yield of hydrogen, depending on the composition of the raw material. The yield of
hydrogen obtained in the fermentation process for the substrate containing corn silage is 12 + 1% higher than
for the wheat straw. In general, the combination of the fermentation and hydrogen production in the MFC
in a two-stage process leads to an overall increase in the yield of hydrogen by 60 + 5%.

Keywords: biohydrogen; renewable energy carriers; agricultural waste; microbial fuel cell; microbial con-
sortium.

Introduction

Hydrogen is considered to be a promising
energy carrier of the future. The incessant develop-
ment of hydrogen energy is associated with certain
advantages such as:

— the environmental safety of using hydrogen
as an energy carrier, since the only product of its
combustion is water;

— the possibility of its usage as a single-
component energy carrier, and in the form of ad-
ditives to motor fuels;

— unlimited supplies of raw materials, since,
in addition to water, from which hydrogen can be
obtained by electrolysis, all types of fossil fuels,
various types of biomass, solid and liquid industrial
wastes containing organic substances, household
waste, etc. can serve as raw materials for hydrogen
production [1].

Hydrogen is an ecologically clean energy car-
rier provided it is obtained in processes that do not
have a negative impact on the environment. To-

day, only 4% of hydrogen, produced in the world,
is obtained from water by electrolysis. The rest of
the hydrogen is produced from fossil fuels such as
gas, oil, coal. Waste of various origins can be an
alternative source for hydrogen production. There-
fore, researches into the biotechnological hydrogen
production from various organic wastes are carried
out in different countries [2, 3].

The transformation of organic waste into
biohydrogen via the fermentation process occurs
due to the metabolic activity of a wide range of
microorganisms, each of which is characterized
by the ability to consume certain substrates and
has specific ways of substrates transformation.
During the fermentation of raw materials, hydro-
gen is formed along with other products. The max-
imum hydrogen yield (4 moles per mole of glu-
cose) in anaerobic fermentation processes can be
achieved with the formation of acetate as a by-
product. In the case of other types of fermentation
and other by-products, the yield of hydrogen de-
creases [4].
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The main problems that accompany the pro-
cess of obtaining hydrogen through anaerobic fer-
mentation of organic waste are related to:

— probable changes in the biochemical pro-
cess of hydrogen production with the transition to
methanogenesis;

— consumption of released hydrogen by con-
sumers;

— inhibition of the process by metabolites;

— low hydrogen content in biogas;

— slow progress of the biochemical process of
hydrogen synthesis.

The yield of hydrogen, obtained during ana-
erobic fermentation, depends on the type of raw
material, methods of pretreatment of raw materi-
als and inoculum, parameters of the enzymatic
process [5]. Thus, the simultaneous usage of cellu-
lose-containing waste and waste containing resi-
dues of fats and proteins leads to an increase in the
yield of hydrogen [6]. The use of manure increases
the output of hydrogen, but also increases the
probability of the transition of the hydrogen forma-
tion process to methanogenesis [7]. Lay et al. [8]
show that the concentrations of ammonium, phos-
phate, and ferrum ions in substrate affect the yield
of hydrogen. Their optimal concentrations in the
growing medium lead to a 3-fold increase in hy-
drogen yield. This is due to the fact that ammo-
nium and phosphate ions are nutrients crucial for
the growth of microorganisms, and Fe?" is a syner-
gist for the biotransformation of food waste. The
addition of wastes that have an alkaline reaction
and contain divalent metal ions (Ca**, Fe?*, Mn?")
also leads to an increase in the speed of the
process as well as in hydrogen yield [9].

An increase in the concentration of ferrum
ions leads to an increase in the yield of hydrogen,
since the ferrum ion is a component of hydroge-
nases and ferredoxin, which participate in the for-
mation of hydrogen in bacterial cells. An increase
in the concentration of magnesium ions leads to an
increase in the utilization of the substrate (76%)
and hydrogen yield to 3.5 mole H, per mole of
glucose [10].

The use of a two-stage waste processing sys-
tem with different temperature conditions in the
stages, namely, a thermophilic mode during the
process of waste hydrolysis and a mesophilic mode
during the process of energy carriers production,
leads to an increase in the yield of biogas.

At the same time, the conversion of solids in-
creases in the zone of the first reactor depending on
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the type of raw material to 6.5—28.0 gVSS/dm?*-day
and the production of soluble low molecular weight
substances increases by 20.9—34.8% (measured ba-
sed on COD) [11].

In the two-stage process of obtaining hydro-
gen, the enzymatic decomposition of high-molec-
ular compounds in the first reactor is carried out at
low pH value (5.5 +0.5). The yield of hydrogen in-
creases in this process due to the increasing rate of
raw materials decomposition, as well as due to the
neutralization of methanogenic microorganisms,
which are the main consumers of hydrogen. Under
such conditions (pH 5.5 + 0.5, mesophilic tempera-
ture mode), acid-forming bacteria, the main of
which belong to the genera: Bacillus, Micrococcus,
Pseudomonas, Clostridium, etc., prevail in the con-
sortium. The solution obtained in the first stage is
used as a nutrient substrate for the second stage of
fermentation, during which hydrogen-rich biogas is
produced [12].

In order to increase hydrogen yield during the
processing of cellulose-containing waste, food waste
and other organic waste, several sequential fermen-
tation processes can be applied. For example, if
anaerobic dark fermentation is used in the first
stage, then it is possible to use its effluent for anae-
robic photo-fermentation or hydrogen production
in a microbial fuel cell (MFC) in the second stage.

The use of an MFC provides simultaneous
wastewater treatment or organic waste utilization
and production of electricity or hydrogen. Hydro-
gen can be obtained at the cathode of the MFC by
applying an additional voltage to the electrical cir-
cuit of the MFC. Theoretically, hydrogen can be
obtained in the MFC by applying an additional
voltage of 0.12 V. This means that the energy re-
quired for hydrogen production in the MFC is
nearly 0.26 kW h/m® H,.

Taking into account that the amount of
electricity required to obtain hydrogen by elec-
trolysis of aqueous solutions exceeds the energy
obtained by burning hydrogen (3 kW-h/m*H, or
33.5 kW-h/kgH,), anaerobic hydrogen production
in the MFC is more profitable and characterized
by lower energy consumption [13].

The article presents the results of a two-stage
process of obtaining hydrogen from agricultural
waste using anaerobic dark fermentation and the
MEFC.

The aim of the work is development of ap-
proaches for intensification of the biohydrogen ob-
taining process from agricultural waste.
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Materials and Methods

Microbial consortium isolated from cattle ma-
nure was used for obtaining hydrogen via fermen-
tation. Before fermentation the manure was kept
for an hour in a water bath at a temperature of
90 °C for the inactivation of methane-producing
bacteria. Since methanogenic bacteria do not form
spores, they die under such conditions, and only
spore-forming types of microorganisms remain in
the consortium. The cultivation of the inoculum
was carried out in fermenters with a volume of
1 dm?, under the anaerobic mesophilic conditions.
A dry-air thermostat TS-80M was used to keep the
temperature at 35+ 2 °C. The mix of corn silage
with poultry droppings was used as a substrate. Re-
sazurin solution (0.15 g/dm’) was added in the
amount of 1cm?*/dm® of medium to monitor the
redox-potential of the growing medium in order to
control anaerobic conditions. Microorganisms were
identified using light microscopy with an XSP-
139TP microscope with a 1000x magnification.

To increase the number of hydrogen-producing
bacteria in the inoculum, additional Clostridium spp.
were added to the microbial consortium isolated
from cattle manure.

Primary Clostridium spp. isolation and selec-
tion was carried out on the liquid medium using
cattle manure as a source of inoculum [14]. Ome-
lianskyi's liquid nutrient medium used for Clostri-
dium spp. selection containing in gram per cubic
decimeter of distilled water: (NH,);PO, — 1.0;
K,HPO, — 1.0; MgSO, — 0.5; NaCl — 0.1; CaCO; —
2.0; FeSO, — 2 drops of 1% solution; peptone — 0.6.

Individual colonies of Clostridium spp. were
isolated in anaerostat using streak plate method.
Petri dishes were filled with sterile nutrient medium
containing g/dm* K,HPO, — 30; KH,PO, — 2;
MgSO, — 1; NH,CI — 1; CaCO,; — 0.1; FeCI, — 0.4;
Agar — 15; Microcrystalline cellulose — 10. After
sterilization of the growing medium, 2 drops of the
indicator Resazurin 0.15 g/dm?solution were added
for visual control of the redox potential of the me-
dium.

Wheat straw and corn silage were used as a
substrate for fermentation. For the preparation of
straw and silage, wheat of the Taira variety and
corn of the Lyubava variety, grown in the Korsun-
Shevchenkiv district of the Cherkasy region, were
used. To provide the consortium of microorgan-
isms with microelements and other nutrients, poul-
try droppings were added to the substrate in a ratio
of 9:1 by dry matter. Wheat straw and corn silage
were previously grinded to the size of 3—5 mm.
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Hydrogen production was carried out periodi-
cally under anaerobic mesophilic conditions in a
fermenter with a total volume of 2 dm?, filled with
growing medium to 70% of the volume. The total
dry matter weight of added inoculum was 2.1 g.
Dry matter content of substrate in the growing
medium was 10%. During the fermentation, pH
was measured with a pH meter (Sanxin SX811).
To reduce the partial pressure of hydrogen in the
fermenter, the gas phase was periodically (once a
day) pumped out of the fermenter. The composi-
tion of biogas was determined using a gas analyzer
(K-600 Bosean). After the fermentation the efflu-
ent was centrifuged to separate the solid fraction.
The liquid fraction of the effluent was used to feed
an MFC at the second stage of the process.

The second stage of obtaining hydrogen took
place in a two-chamber MFC. The MFC consisted
of an anode chamber, which contained a brush
anode with a biofilm and the cathode chamber,
which contained a graphite electrode on which hy-
drogen gas was released. Anode and cathode cham-
bers were separated by a proton-selective mem-
brane. The volume of each chamber was 0.5 dm’.
The anode chamber was filled with the liquid frac-
tion of the effluent obtained in the fermentation
process and operated in a semi-flow through mode
with intermittent substrate renewal. The cathode was
immersed in the phosphate buffer solution (pH 7).
To create anaerobic conditions for hydrogen evo-
lution on the cathode, the cathode chamber was
purged with argon. The cathode chamber was
equipped with a gas discharge pipe for hydrogen-
gas removal into a gasholder. To obtain hydrogen
on the cathode an additional voltage must be ap-
plied to the electrodes.

The same heat-pretreated inoculum, which
had been isolated from cattle manure, was used to
form a biofilm on the brush anode made from gra-
phite fibers. Biofilm formation was carried out in
the anode chamber for 3 days at a temperature of
20 + 2 °C using periodic stirring. To start the pro-
cess, the inoculum and the liquid effluent from the
first stage were added to the anode chamber of
the MFC. The additional voltage, applied to MFC
electrodes, was 3V during the whole process of
biofilm formation.

The substrate was fed into the anode cham-
ber, where it was degraded by microorganisms of
the anode biofilm. In the process of metabolism,
microorganisms released electrons and protons and
transferred them through the cell membrane. Elec-
trons were accepted by the anode and formed the
current in the MFC electrical circuit. Protons
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formed via this process passed into the cathode
chamber through the proton-selective membrane
and recombined with electrons on the cathode to
form hydrogen. The additional voltage applied to
the electrodes in the range of 0.6—1.5V was used to
study the process of obtaining hydrogen in the MFC.

A Q-criterion and a Student's test were used
for statistical processing of the results. The Q-cri-
terion was used to exclude gross errors. Student's
test was used to calculate the confidence interval.
The confidence level was 0.95.

Results

Daily hydrogen-rich biogas yields during the
fermentation of wheat straw and corn silage are
demonstrated in Fig. 1. According to the results,
the lag phase is longer for wheat straw. At the
same time, the yield of biogas for wheat straw is
less compared to corn silage.

To prevent the transition from hydrogen fer-
mentation to methanogenesis during the fermen-
tation process, a voltage of 3.5 V was periodically
applied to the graphite electrodes, which were im-
mersed in the medium.

The hydrogen content in biogas changes du-
ring the fermentation process. As it is shown in the
Fig. 2, the hydrogen content in biogas increased in

1.4
1.2

1
0.8
0.6

V(biogas), dm3

0.4 ‘/
0.2 " 4
0 T r )
0 5 10 15 20
Time, days

Figure 1: Variation of biogas yield (/(biogas), dm?®) with time
during fermentation of the corn silage ( —#—) and wheat straw
(—=)

the first 4 days of the fermentation process. Such
dependence was observed for both corn silage and
wheat straw. The lower yield of hydrogen during
the start-up period can be explained by the fact
that it takes some time to reduce the residual
oxygen in the fermenter. For the maximum daily
yield of biogas, hydrogen content in biogas ob-
tained from wheat straw was 12 = 1% less than
from corn silage. The total yield of hydrogen for
20 days of fermentation was 4.55 dm® for corn si-
lage and 2.95 dm® for wheat straw as a substrate.
After 16 days of fermentation, the yield of biogas
and its hydrogen content began to decrease.

The total yield of hydrogen for the entire pe-
riod of fermentation using the consortium enriched
with Clostridium spp. and consortium without addi-
tional microorganisms is shown in Fig. 3. As can be
seen from Fig. 3, the addition of Clostridium spp.
to the natural consortium in the amount of 10% of
the total amount of inoculum led to an increase in
hydrogen yield by 7—10%. A 10% increase in the
total amount of inoculum resulted in a slight in-
crease in hydrogen yield, but within the margin of
error. There is also an increase in hydrogen yield per
unit of biomass. For corn silage, the yield of hydro-
gen reached 0.3 dm?/g of TOM (total organic matter)
when consortium enriched with Clostridium spp. was
used.
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Figure 2: Variation of hydrogen content (C(H,) ,%) in biogas

during fermentation of the corn silage ( —¢—) and wheat straw
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Figure 3: Total hydrogen yield (V(H,), dm?®) for the fermentation of corn silage (M) and wheat straw (M) using natural consortium

and consortium enriched with Clostridium spp.
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After 20 days of fermentation, the solid and
liquid phases of the effluent were separated. The
liquid phase of the effluent received after the corn
silage fermentation was used in the MFC for the
second stage of biohydrogen production.

Hydrogen production in the MFC was carried
out at a temperature of 20 =+ 2 °C in a periodic
mode. Fig. 4 shows the yield of hydrogen in the
MFC depending on the additional voltage on the
electrodes. Hydrogen yield increased as the applied
voltage increased and stabilized at 0.6 V. The value
of hydrogen yield varied within the margin of error
at an applied voltage of 0.6—1.5V.
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Figure 4: Hydrogen yield (V(H,), dm?®) with applied voltage
(U, V) in the MFC fed with the liquid fraction produced in
fermentation process

As it is shown in the diagram (Fig. 5), a two-
stage process increased the yield of hydrogen by
1.6—1.7 times compared to the single-stage fermen-
tation process. At the same time, the degree of or-
ganic raw materials utilization increased as well as
hydrogen yield per unit of its mass.

—
(=]

5.46

V(H,), dm>
S = N W B L &N NN o0 O

Figure 5: Hydrogen yield (V(H,), dm®) for various processes of
its production: fermentation (M), hydrogen production in the
MFC (H), two-stage process ()

Discussion

Modern scientific literature describes many
pretreatment methods for agricultural raw materials
that can be applied to increase the yield of hydrogen
and intensify its production by microorganisms [15].
These methods are aimed at destroying the ligno-
cellulosic component of the plant raw material [16].
As a result the access of microorganisms to nu-
trients is facilitated, and therefore the hydrogen
output increases. The influence of micronutrient
content [17, 18], medium composition, biomass
concentration [19], and inoculum processing me-
thods [20, 21] on hydrogen production is also ex-
tensively investigated by various authors. It is
known that using of pure cultures of hydrogen
producing bacteria as well as bioaugmentation stra-
tegies, in which pure cultures of Clostridium spp.
and co-cultures of other hydrogen producing bac-
teria are used, leads to an increase in hydrogen
yield [22—24].

The method of intensification of the biohy-
drogen production from agricultural waste, which
is proposed in the work, allows us to solve the
tasks of increasing both the volumetric flow rate of
biohydrogen production and waste utilization de-
gree. It is shown that the additional introduction of
Clostridium spp. (10%) into the consortium leads to
the 7—10% increase in hydrogen yield during the
same fermentation period. The increase in hydro-
gen yield is associated with its higher content in
biogas.

To prevent the transition of hydrogen fermen-
tation process to methanogenesis, a decrease in the
pH of the medium is often used [25]. But this
leads to a decrease in the number of types of mi-
croorganisms [26], as a result the hydrogen yield
decreases. The method of periodic voltage supply is
free from this drawback. Voltage values, which
were used as a selective factor in the fermentation
process, do not change the pH of the growing me-
dium and do not lead to the release of oxygen,
which is an inhibitor of hydrogen production by
microorganisms. However, the applied voltage is
sufficient to inhibit the vital activity and develop-
ment of methanogenic microorganisms, which is
confirmed by the absence of methane in biogas.

Due to the elimination of microorganisms
that consume hydrogen, its content in biogas in-
creases. Taking into account that the content of
poultry droppings was the same for the use of both
wheat straw and corn silage, it can be assumed that
the amount of trace elements, nitrogen and phos-
phorus available to microorganisms was the same.
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Therefore, the yield of hydrogen depended on the
content of nutrients in agricultural wastes. The
higher content of readily available nutrients in corn
silage leads to an increase in the total yield of bio-
gas and an increase in the hydrogen content in
biogas up to 12 + 1% in relation to wheat straw. It
is confirmed by the data obtained using mixed [27]
and pure cultures [28] of hydrogen producing bac-
teria. Maximum hydrogen yield obtained through
the fermentation of corn silage by the natural con-
sortium with additional Clostridium spp. was higher
than yield obtained in [27] for the fermentation of
cornstalk after acidification pretreatment by mixed
culture (0.3 dm?/g of TOM and 0.15 dm?/g VS re-
spectively). At the same time, it is reported in [28]
that yield of hydrogen obtained through the fer-
mentation of corn silage by pure culture of meso-
philic Clostridium populeti FZ10 was 0.09 dm?/g.

The process of biomass fermentation is always
accompanied by byproducts formation. Such dis-
solved additional compounds always remain in the
fermentation medium and can be used as a nu-
trient medium for other types of microorganisms.
Sequential application of various metabolic proces-
ses that lead to the synthesis of the same product
increases the total volumetric yield of this product.
The possibility of using various liquid wastes as a
substrate for a MFC is well known [29]. In [13] it
is shown that the consistent usage of the fermenta-
tion process and the microbial fuel cell increases
the yield of hydrogen and the degree of wastewater
treatment.

The use of the liquid fraction of fermented
raw materials that remain after the fermentation
process as a substrate for the MFC makes it possi-
ble to utilize the residual organic matter and obtain
additional pure hydrogen at the cathode of the
MFC. Thus, the consistent use of the processes of
fermentation and bioelectrochemical hydrogen ge-
neration contributes to the intensification agricul-
tural waste utilization as well as to hydrogen pro-
duction. The combination of the fermentation
process and the MFC in a two-stage process leads
to a 1.7-fold increase in hydrogen yield compared
to simple fermentation without the addition of
Clostridium spp.

Thus, the use of two-stage process of agricul-
tural waste conversion and the introduction of ad-
ditional hydrogen-producing microorganisms to the
inoculum intensify the microbial mediated hydro-
gen production process.

At the initial phase of the process, the de-
struction of the lignocellulosic component of cereal
crop waste occurs. Readily available carbohydrates,
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which are a source of nutrition for the microbial
consortium at the initial stage, are also released.
Therefore, the curve of dependence of biogas yield
on the duration of fermentation has an exponential
character with a plateau at a biogas yield value of
630 + 35 cm?®/dm? of medium per day (7.0 cm?/g of
DOM (dry organic matter)) for corn silage and
510 +20 cm®/dm?® of medium per day (5.7 cm®/g of
DOM) for wheat straw.

The increased yield of biogas in the process of
corn silage fermentation compared to wheat straw
fermentation is associated with the different lignin
content. Corn leaves contain 16—18% lignin and
30% carbohydrates, which can be quickly decom-
posed by microorganisms. Wheat straw contains
25% lignin and 25+ 5% decomposable carbohy-
drates. The content of lignin and carbohydrates al-
so depends on the plants' growing conditions. In
addition to its inaccessibility as a source of nu-
trients, the increased content of lignin slows down
the access of microorganisms to carbohydrates,
which leads to an increase in the lag phase and a
slowdown in the process of hydrogen production.
Similar results were obtained by Miftah ef al. [30].

The decrease in biogas yield after 16 days of
cultivation can be explained by the accumulation
of metabolic products in the reactors, namely by
the high partial pressure of hydrogen, since biogas
was pumped out of the reactor once a day.

It is known [31] that an increase in the partial
pressure of hydrogen in the reactor environment
leads to a change in the metabolism of microor-
ganisms. Thus, a shift from hydrogen biosynthesis
to the production of such metabolites as ethanol,
alanine, etc. occurs.

The liquid fraction formed in the fermenta-
tion process, which contains acids (acetic, buta-
noic), alcohols and other low-molecular products
produced by the microbial consortium during fer-
mentation, was used as a substrate to feed the
MFC. To obtain hydrogen in the MFC, the addi-
tional voltage was applied to the electrodes during
its operation. The highest yield of the hydrogen
was obtained at a voltage of 0.6 V.

At lower values of the applied voltage, the
yield of hydrogen is lower, because to achieve the
evolution of hydrogen at the cathode, it is neces-
sary to reach an overpotential at which the value of
the potential of the cathode will be low enough for
hydrogen evolution. The quantity of overpotential
required by a specific cell depends on electrode ma-
terial, operational conditions etc. An increase in the
applied voltage from 0.6 to 1.5V does not cause a
significant increase in hydrogen yield, and when
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the voltage is increased above 1.5V, the hydrogen
yield in the MFC gradually decreases. The decrease
in hydrogen yield under a high additional voltage
can be explained by a change in the metabolism of
the anode microbial consortium, which leads to a
decrease in the output of protons into the anode
space. The aforementioned regularity is confirmed
by the data published by Onaran ef al. [32].

The use of sequential fermentation processes
in the fermenter and the MFC allows us to in-
crease hydrogen yield and the degree of raw mate-
rials utilization.

The additional introduction of hydrogen-pro-
ducing microorganisms into the natural consortium
for the purpose of hydrogen yield increasing is a
new promising direction that requires further re-
search to determine the optimal ratio of inoculum
to hydrogen-producing microorganisms and the
possibility of additional introduction of several
types of microorganisms, etc. To use liquid waste
from the fermentation for hydrogen production in
microbial fuel cells, it is necessary to optimize the
process parameters (retention time, concentration
of organic raw materials, pH, influence of activa-
tors and inhibitors of the process, structural fea-
tures of the element). Such steps will make it pos-
sible to create a cost-effective industrial technology
for obtaining hydrogen.
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Conclusions

The yield of hydrogen in the fermentation
process is related to the composition of biomass
and is 12 + 1% higher for the substrate containing
corn silage compared to the substrate with wheat
straw.

Additional introduction of microorganisms
of the Clostridium spp. into the fermenter during
fermentation increases the yield of hydrogen by
7—10%, depending on the composition of the
biomass.

The use of a two-stage process for obtaining
hydrogen, which combines fermentation and the
MFC, makes it possible to increase the yield of
hydrogen by 60 + 5%.
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KOl im. Iropsi Cikopcbkoro, Kni, Ykpaita
2|_|,VIH,Cl,aOCbKVIl7I cinbcbkorocnogapcbkuin yHisepcuteT, LinHaao, WaHeayH, Kutan

IHTEHCU®IKALUIA NPOLECY OTPUMAHHA BIOBOAHIO

Mpo6nemartuka. Mepen noacTeom nocrtana npobneMa OoTpMMaHHSA BiOHOBMOBAHUX €HEProHOCIIB, SKi HE LWKOAATb AOBKINM. Takum
€eHeproHocieM € BogeHb. Ane cnocobu Noro oTpMMaHHsi Ha CbOrofHi NOTPeOYTh BUKOMHUX BMAIB NanvBa i CynpoBOOAXKYOTbLCS 3HAYHU-
My Bukmgamm CO,. EHeproButpaTtin Ha OTPUMaHHS BOOHIO HANMOLUMPEHILIMM CNOCOBOM — enekTponi3oM — NepeBULLYIOTb EHEPTIt0, AKY
OTPUMYIOTb i3 BOAHI0. B TOW e yac 3a BUKOPUCTAHHA anbTepHATUBHMX METOAIB OTPMMAaHHS BOAHIO, TakuX sik 30poaKyBaHHSA, BUXIg,
BOZAHIO HEBEIUKMNA.

Merta. Po3pobka niaxoais Ans iHTeHcmdikauii npoLecy oTpumaHHs 6i0BOAHIO i3 CiNbCbKOrocnoAapChbknx BiAXOAiB.

MeToauka peanisauii. 3 MeTOK NigBULLIEHHS BMXO4Y BOAHIO 30poaKyBaHHS NMPOBOAWMM 32 BMKOPUCTaHHS acouialii, B Ky goaasanu
cneujanbHo BUpoLLeHi MikpoopraHiamu Buay Clostridium. [Ons nigBuLLEHHS CTyneHst po3knadaHHs CMPOBMHM BUKOPWCTOBYBanu noea-
HaHHS npouecy 36poaXyBaHHSA BiAXOAIB i3 OAepXXaHHAM BOAHIO B MikpobHOMY nanuBHomy enemeHTi (MIE).

PesynbTaTtn. Buxig BogHo 3anexwuTb Big KOMMOHEHTHOrO CKnagy CMpOBUHW. [Mpu 36inbLUeHHI BMICTY MirHiHY 3HWKYETbCS BUXiA BOAHIO.
[opaBaHHa Ao npupoAHoi acouiauii BoaeHbNpoaykytounx MikpoopraHismis pogy Clostridium y kinbkocTi 10 % Big 3aranbHoOi KinbkocTi
iHokynoMy niaBuLLyBano Buxig BogHH. MNoegHaHHa ABox npoueciB 36poaxyBaHHs Ta MIME nigBuwyBano Buxig BogHo B 1,7 pasy. Boa-
Hoyac 30inbLUyBaBCs i CTyNiHb PO3KnafaHHsS OpraHiYHUX peyvyoBuH cybeTparTy.

BucHoBku. [lonaTkoBe BBeAeHHst Ao acouiauii mikpoopraHiamis Buay Clostridium nigsuiye Buxig BogHo Ha 7—10 % 3anexHo Bif ckna-
Oy cMpoBuWHU. Buxig BogHI0, oTpyMaHoro B npoueci dhepmeHTauii cybeTpary, Wo MiCTUTb CUINOC KyKypYA3W, Ha 12 + 1 % BULLMA, HIX Ans
cybeTpaty, Wo MicTUTb coromy nweHuli. MNoeaHaHHa depmeHTauii Ta npouecy oTpumaHHs BogHio B MIME B gBocTaginHuii npouec
NpMBOAMTL A0 CYMapHOro MiABWLLEHHS BUXOAY BOAHIO Ha 60 + 5 %.

KnrouoBi cnoBa: 6ioBoaeHb; BigHOBMOBaHi €HEeProHOCii; CiNnbCbKOrocnogapchki BiAX0AuW; MikpOOHMI NanuMBHUIA eNeMeHT; acouiauis
MiKpOoOpraHi3mis.



