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Abstract. In recent decades, there has been a tendency in the
world to increase ethanol production significantly in order to solve
energy problems, that is, to use it as a biofuel. The factors
determining the production cost of targeted biotechnological
products include the output of these products from the raw materials
used. One of the modern and effective ways to intensify alcoholic
fermentation and reduce the cost of fuel ethanol is yeast
recirculation. The research objects were: raw material (sugarbeet
molasses), molasses wort, yeast Saccharomyces cerevisiae of the
strain M-5, fermented wash and its distillates. In the raw materials,
intermediate products, and fermented wash, the techno-chemical
parameters recommended by the current technology regulations for
obtaining spirit from molasses have been determined. Acoholic
fermentation was carried out in an industrial environment, in a
battery of series-connected fermentors. Recirculation of yeast was
carried out by separating it from the final stage of fermentation,
concentrating it on the separator, and introducing it into the first
fermentor. The experimental data obtained prove that for wort
fermentation, it is effective to use yeast that recirculates in the
anaerobic stage. It has been established that the alcohol-forming
power of recycled yeast increases as the yeast adapts to the
environment in which it has been staying for a long time. The yeast
becomes more active biochemically, with more efficient
metabolism. Its need for continuously cultured biomass is reduced,
the share of aerobically assimiliated sugars decreases, and,
consequently, the losses during yeast generation are fewer. At the
same time, accelerating the initial period of anaerobic fermentation
helps inhibit the biosynthesis of glycerol, the formation of which
consumes the largest amount of sugar among all the secondary
products. The parameters of molasses wort fermentation, with yeast
biomass recirculating, have been determined in an industrial
environment. It has been established that the alcohol output from the
raw materials increases as the synthesis of secondary metabolic
products weakens. The advantages of this fermentation method will
be used in further studies, namely when fermenting molasses wort,
with an increased concentration of dry matter, in order to reduce the
specific heat energy consumption in production and to make it
cheaper. The developed biotechnology of alcohol can be usefully
employed to produce fuel ethanol, and increasing its production will
contribute to Ukraine’s energy self-sufficience.

Keywords: yeast, molasses wort, fermentation, yeast
recirculation, ethanol.

Introduction. Formulation of the problem

enterprises more competitive [4,5]. The factors

In recent decades, there has been a tendency in the

determining the production cost of targeted
biotechnological products include the output of these

world to increase ethanol production significantly in
order to solve energy problems, that is, to use it as a
biofuel [1-3]. The problem is important and global, so
any steps and improvements to make this product more
efficient in manufacturing are topical, as they lay the
groundwork to make the products of processing
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products from the raw materials used and the specific
energy consumption.

Alcoholic fermentation of sugar-bearing substrates
is made the basis for the process when sugars obtained
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from plant raw materials or sugar production waste
(molasses) are transformed into ethanol.

Using yeast recirculation is one of the modern and
effective methods to intensify alcoholic fermentation.
In this paper, it is shown that increasing the
concentration of yeast by its repeated use in
fermentation improves the technological, kinetic, and
environmental characteristics of the technology [6,7].

Analysis of recent research and publications

The factors determining the production cost of
targeted biotechnological products include the output
of these products from the raw materials used and the
specific energy consumption. Besides, production of
alcohol from plant raw materials is not low-waste:
obtaining a litre of alcohol is accompanied by the
formation of 12-14 litres of waste water with a high
concentration of organic substances, harmful to natural
ecosystems [4,8]. Solving the problem of rational
utilization or recycling of these wastes requires
significant material costs [1,3].

To solve these problems, scientists from different
countries have suggested a number of technological
improvements aimed at making ethanol production
cheaper and more environmentally-friendly. The main
way to reduce energy consumption at the fermentation
stage in alcohol production s increasing its
concentration in the fermented wash [4,9]. This can be
achieved in the following ways:

— gradual introduction of the substrate at the main
stage of fermentation [4,10,11];

— increasing the concentration of the dry matter
(DM) of the fermented substrate, using selected
osmotolerant  strains  of  alcohol  producing
microorganisms [4,8,12], with vacuum created for
fermentation [1], with immobilization of yeast on
various carriers in the fermentation zone [6,8,13], etc.

It is known that in alcoholic fermentation of sugar-
bearing substrates by yeast, two processes, each with a
different purpose, are applied, one after the other [4].
In the first process (aerobic), there is partial conversion
of sugars in the Krebs cycle, which is accompanied by
accumulation of yeast biomass and formation of a
certain amount of secondary fermentation products. In
the following process, anaerobic fermentation of sugars
takes place, with the formation of ethanol. Thus, during
alcoholic fermentation, part of the substrate is spent on
the growth and reproduction of the producer cells and
their metabolism, with the formation of acetic acid,
acetic aldehyde, glycerol, higher alcohols, esters, etc.
[1,5]. These processes are accompanied by using
fermented sugars, so creating conditions for reducing
the synthesis of these substances provides a reserve of
sugars to be converted into alcohol, thus increasing the
output of the target product.

An important factor in successful fermentation is
the high physiological activity of the producer. Its
value corresponds to the amount of alcohol formed by
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one gram of yeast per unit time [14]. In industrial
processes, the specific ethanol formation rate varies
widely depending on the physiological characteristics
of the producer, the biomass concentration, the type of
apparatus, and the mode of fermentation [10].

During the continuous process, it is the the
medium dilution rate that mainly determines how
completely the substrate is used. In this case, there are
contradictions between the two parameters that are
based upon when optimizing the fermentation process:
the final alcohol output from carbohydrates of the raw
materials, and the completeness of their fermentation.
Coordination of these parameters determines the
duration, productivity, and efficiency of alcoholic
fermentation [1].

Disadvantages of alcoholic fermentation (the main
ones are its long duration and incomplete use of the
substrate) can be to some extent eliminated by multiple
use of the yeast biomass [14,15].

This technological method has been studied by
scientists from different countries. There are data on
the effect of yeast recirculation in alcoholic
fermentation of sugar-bearing wort that indicate an
increase in the rate of the process and intensification of
alcohol formation [16,17]. However, in scientific
publications on this problem, there are practically no
research results about the metabolism of recirculated
yeast compared with the classical process of alcoholic
fermentation.

Based on the above, the purpose of our research
was to determine how recirculation of yeast biomass in
the anaerobic stage of ethanol fermentation effects on
the direction of saccharide catabolism, biochemical
activity, and alcohol-forming power of yeast.

The research objectives are:

1. To determine the optimum concentration of the
yeast inoculum for molasses wort fermentation.

2. To investigate how the technological parameters
of the process depend on yeast recirculation from the
final fermentation stage to the initial one.

3. To determine the characteristic features of
metabolism and the alcohol-forming power of yeast
recycled in the anaerobic stage.

Research materials and methods

The objects researched were raw material (sugar-
beet molasses), molasses wort, yeast Saccharomyces
cerevisiae of the strain M-5, fermented wash and its
distillates.

The dry matter content (DM) in the molasses and
molasses wort was determined by refractometry, the
pH by electrometry, the acidity by electrometric
titration. The total of fermented sugars was calculated
basing on the values of direct and inverse polarization
and invert sugar content [4].

The experimental sugar-beet molasses contained
49.6% of fermented carbohydrates and 78.8% of DM.
Nitrogen (carbamide) and phosphorus (HsPO.) were
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added to the molasses, and it was diluted with water to
the required concentration (21-22% of DM). The
active acidity of the medium was set at pH 5.2 by
acidification with sulphuric acid [4].

Alcoholic fermentation was carried out in an
industrial environment, in a battery of series-connected
fermentors. Yeast for wort fermentation was grown in
three yeast generators that worked in parallel, in low
aeration conditions (the medium was air-blown).
Recirculation of yeast was carried out by separating it
from the final fermentation stage by concentrating it on
the separator and introducing into the first fermentor.

The fermented wash was analysed according to the
indicators of true DM concentration, acidity, yeast
biomass, alcohol  concentration,  unfermented
carbohydrates by the methods used in the theory and
practice of alcohol production [18].

In the intermediate products and fermented wash,
the perceived and true concentrations of DM were
determined areometrically, the yeast concentration by
the weight method in terms of 75% humidity, the
alcohol concentration by the pycnometer method in the
distillate of the wash. The number of unfermented
carbohydrates in the wash was determined by the

resorcinol-colorimetric method [4]. The glycerol and
aldehyde content was determined in  wash
distillates [18].

The criteria for evaluating the rate of biochemical
reactions of sugar fermentation are kinetic parameters.
In our research, the following parameters were
determined:

the duration of stay of the nutrient medium in the

apparatus, h:
T=1/D, (D)

where D is the dilution rate of the medium in the
apparatus, ht;
sugar fermentation rate, kg/m? s h:

W = S/T,
is the sugar concentration

2
where S in the

medium, kg/m?®.

Results of the research and their discussion

In order to intensify the fermentation of molasses
wort while producing alcohol, different amounts of
inoculating yeast (7.5, 15, 30, 60, and 120 g/dm?®) have
been used in the research of this process in a laboratory
environment (Table 1).

Table 1 — Results of fermenting the molasses wort with different quantities of inoculating yeast
(X £m; m<0.05)

The quantity of inoculating yeast, g/dm?®

Parameters of fermented wash 75 15 30 60 120

Duration of fermentation, hours 62 48 36 27 23
Yeast biomass, g/dm? 20.3 25.2 37.0 63.8 122.7

Yeast growth, g/dm? 12.8 10.2 7.0 3.8 2.7
Unfermented sugars, g/100 cm?3 0.65 0.58 0.49 0.47 0.41
Alcohol content, % vol. 11.71 11.82 11.83 11.94 11.79

Glycerol, g/dm® 10.5 7.9 7.3 6.3 6.1

It has been proved that with an increase in the
concentration of the inoculating biomass from 7.5 to
120 g/dm?®, the fermentation time naturally decreased
from 62 to 23 hours, the yeast growth from 12.8 to
2.7g/dm?, and the amount of unfermented
carbohydrates from 0.65 to 0.41 g/100 cm?®.

It has been determined that the accumulation of
the target product (alcohol) is extreme in character, and
its maximum (11.83-11.94% vol.) was with the initial
concentration of yeast biomass ranging between 30 and
60 g/dm®. The nature of glycerol formation is
interesting, too: its content gradually decreased with an
increase in the amount of inoculating yeast. This means
that the inhibition of the process was becoming weaker
as a result of the intensification of alcoholic
fermentation. This fact, to some extent, explains the
increase in the amount of alcohol in the fermented
wash in the cases with higher concentrations of the
inoculating yeast.

In an industrial environment, the research was
carried out in three variants. As a control, the
traditional technology of molasses wort fermentation
was used. In the first experimental sample, yeast was
recycled without increasing the wort flow into the
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anaerobic stage, and in the second, this parameter was
increased from 0.43 (control) to 0.57 h'X. The results
are shown in Table 2.

From Table 2, it is evident that in the control, the
yeast biomass was gradually increasing in the medium,
from 25.2 g/dm? in the aerobic stage of the process to
27.4 and 31.9 g/dm?3 at the beginning and at the end of
the anaerabic stage.

Partial recirculation of yeast during fermentation,
with  other conditions remaining the same
(Experiment 1), allowed accumulating 43.8 grams of
yeast in 1 dm® of the medium in the first apparatus,
thus reducing its concentration in the last (eighth)
apparatus (up to 10.8 g/dm3).

As a result, there was a significant increase in the
rate of fermentation of sugars from 13.8 (control) to
32.5kg/m®+h, and a decrease in the duration of
anaerobic fermentation, respectively, from 17.6 to
13.0 hours. So, it was quite logical to increase the
ethanol concentration in the first fermentor to
5.9 compared to 5.1% vol. in the control due to the
intensification of the process. This also resulted in
deeper absorption of the nutritive medium sugars by
the yeast: the content of unfermented sugars in the last
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fermentor was 1.80 g/dm® (Experiment 1) compared to
2.1 g/dm? in the control. Experiment 2 was conducted
with the amount of aerobically grown yeast significantly
reduced: only one yeast generator functioned (three yeast
generators functioned in the case of the control and
experiment 1). Besides, an additional amount of molasses
wort was added to the first fermentor of the anaerobic

stage, which resulted in the dilution rate of the medium
(D) in the fermentor increased to 0.57 ht (27%). Thus, in
Experiment 2, most of the raw material (over 80 %), in
the form of wort, came to the anaerobic stage of the
process and was fermented both by grown and by
recycled yeast introduced into the first fermentor in the
ratio 1:2 (in Experiment 1, 3:2).

Table 2 — The effect of yeast recirculation in the anaerobic fermentation stage on the results of the process

(X+m; m <0.05)
Technological parameters Control (the process _Exper_iment L _Experi_ment 2,
of the medium Wlt_hout yeast v_\/lth reglrculat_lon, Wlth_recm_:ulatlon
recirculation) without increasing D and with D increased
The dll_utlon rate of the medium (D) 0.43 0.45 057
in the first fermentor
Yeast biomass, g/dm?:
— after the aerobic stage 25.2 25.0 255
— in the first fermentor 27.4 43.8 35.1
— in the last fermentor 31.9 10.8 20.2
Ethanol concentration, % vol.:
— after the aerobic stage 3.8 3.9 3.9
— in the first fermentor 5.1 5.9 5.0
— in the last fermentor 8.21 8.32 8.44
Unfermented sugars, g/dm?:
— after the aerobic stage 81.3 81.0 81.9
— in the first fermentor 25.5 42.3 57.8
— in the last fermentor 2.1 1.8 2.1
The rate of fermentation of sugars in
the first fermentor, kg/m® « h 138 325 396
Duration of anaerobic fermentation, h 17.6 13.0 13.4

As a result, the distribution of biomass in the
apparatus changed in character due to the decrease in
the total number of aerobically grown yeast and the
increase in value D.

Although in Experiment 1, the biomass content in
the last fermentor decreased (up to 10.8 g/dm?3), in the
first fermentor, this parameter remained at a rather high
level of 35.1 g/dm® due to continuous yeast
recirculation. As a result, the fermentation rate of
sugars in the first fermentor increased from 13.8 in the
control to 32.5 (Experiment 1) and 39.6 kg/m3h

(Experiment 2), and the fermentation time,
respectively, from 17.6 to 13.0 and 13.4 hours.
The alcohol-forming activity of the yeast

population in the first fermentor was determined by the

specific rate of ethanol formation by the yeast. This
parameter allows comparing processes that differ in the
dilution rate, the amount of biomass, and the ethanol
content. As can be seen from Table 3, only the use of
anaerobically recycled yeast in fermentation
(Experiment 1), with all other parameters remaining
the same, led to an increase in the specific rate of
ethanol  formation from 4.12 (control) to
4.46 cm®/geday, i. e. 8.3%. Increasing the wort flow in
Experiment 2 intensified this effect, which is proved by
the further increase in the specific rate of ethanol
biosynthesis by yeast up to 4.98 cm%/g » day (i. e. by
17%) compared with the control. Table 3 contains the
research data on the glycerol and aldehydes content.

Table 3 — Effect of yeast recirculation in the anaerobic fermentation stage on yeast metabolism
(X +m; m <0.05)

Acetaldehyde content, Glycerol content, Specific rate of alcohol biosynthesis
0, 3 3e
Research variants - % vol. - g/dm by yeast, g/cmday
First Fermented First Fermented .
First apparatus

apparatus wash apparatus wash
Control (o yeast 0.0195 0.002 3.84 5.46 4.12
recirculation)
Experiment 1, with
recirculation, without 0.0175 0.083 3.38 4.80 4,52
increasing D
Experiment 2, with
recirculation and with D 0.0134 0.051 3.05 4.38 4.95
increased
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Analysis of the above results allows concluding
that processes involving recirculation of yeast biomass
differ in glycerol formation, which is lower at the start

of fermentation (in the first apparatus): 3.38
(Experiment 1) and 3.05 (Experiment 2), compared
with 3.84 g/dm? in the control. The same tendency was
observed in the fermented wash: the glycerol content in
the experimental variants involving yeast recirculation
was significantly lower than that in the control (i. e.
without recirculation). It was, respectively, 4.80 and
4.38, compared to 5.46 g/dm3.1t should be noted that
these quantities correlate with the specific rate of
ethanol biosynthesis by yeast: the higher the rate, the
less glycerol is formed. In Experiment 2, there was less
glycerol than in Experiment 1. This confirms the
hypothesis of a shorter starting period of ethanol
fermentation where yeast is used that is recycled in the
anaerobic stage of the process. Such results show an
improvement in the physiological state and an increase
in the enzymatic activity of recycled yeast when
increasing the supply of the nutritive medium.

The data on the acetaldehyde content (Table 3) can
be interpreted in the following way: intensifying the
initial fermentation period contributes to rapid
acetaldehyde conversion, too. If in the first fermentor
of the control variant, there was 0.0190 % vol. of it,

then in Experiments 1 and 2, its content decreased,
respectively, to 0.0166 and 0.0129% vol.

Reduction in the formation of these products and a
smaller amount of sugars spent on their synthesis
became a reserve source to increase ethanol synthesis
in the fermented wash to 8.32% vol. (Experiment 1)
and to 8.44% vol. (Experiment 2), compared to 8.21%
vol. in the control (Table 2).

Conclusion

The experimental data presented prove that yeast
recycled in the anaerobic stage are practical in alcoholic
fermentation, since it has a higher biochemical activity
and alcohol-forming power. This reduces the need for
large amounts of continuously grown biomass, decreases
the proportion of aerobically assimilated sugars, and,
consequently, their losses in yeast generation. At the same
time, the acceleration of the initial period of anaerobic
fermentation inhibits glycerol biosynthesis that consumes
most sugar among all secondary products.

So, the use of inoculating yeast recycling in
anaerobiosis can be a means of regulation to increase
the yield of ethanol and is an effective way to increase
the productivity of fermentation equipment.
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AHoTamnisi. B ocTaHHI IECSATHIIITTS B CBITI CIIOCTEPITa€ThCs TCHACHINIS J0 CYTTEBOrO 30UIBIICHHS 00’ €MiB BUPOOHHIITBA
€TaHOITY JIJISl BUPIIICHHS CHEPIeTUYHUX PO0JIEM, TOOTO BUKOPHCTAHHS HOro sk OionanuBa. OJHAM 13 cydacHHX 1 eeKTHBHHX
croco0iB iHTeHcHpiKaIii cnMpTOBOro 30pOKYBaHHS 1 3JIEMIEBICHHS NaJMBHOIO €TAaHOIY € BHKOPHCTAHHS PELMPKYJISLIT
npiskmkiB. O6’ekraMu J0CTiKeHb Oynu: cHpoBHHA (IyKpoOypsikoBa Melisica), MEJSICHE Cycio, Opixmki Saccharomyces
cerevisiae mramy M-5, mospina Opaxka Ta ii JUCTHIATH. Y CHPOBHHI, HAIBIPOAYKTAaX 1 JO3pidii Opaxii BH3HAYAIH
TEXHOXIMIUHI MTOKa3HUKH, 10 PEKOMEHIOBaHI IIFOYMM TEXHOJIOT1YHAM PErJIaMeHTOM BUPOOHHIITBA CIMPTY i3 Messich. [Ipomec
CcriMpToBOi (hepMeHTalli 3iMCHIOBANIM y IIPOMHCIOBHX YyMOBax B Oarapei (epMmeHTepiB, IO 3’€AHaHI MOCIIIOBHO.
Permpkyriro qpixk/pKiB 31HCHIOBAIN NIJISIXOM BUALTEHHS 1X 13 KIHIEBOI cTaii OpoiHHs, KOHIIGHTPYBaHHS Ha ceraparopi Ta
BBEICHHS y TONOBHUHA (epmentep. OTprMaHi eKCIIEpUMEHTANBHI JaHi CBiI4aTh Npo e(eKTHBHICTH 3aCTOCYBAaHHS [UIS
¢depmeHTalii cycma IpDKIDKIB, IO PEHUPKYIIOIOTE B aHaepoOHIH  cramii. BcraHoBieHO QakT mocwiIeHHS
CIMPTOPYTBOPIOBAIBOI 3/IaTHOCTI PEIMPKYIbOBAHMX IPLKIKIB 32 PaXyHOK IXHBOI ajanTamnii 0 yMOB CepeIOBHINa BHACIITOK
JOBrOTPUBAJIOTO TepeOyBaHHs y HbOMY. BOHM MaroTh OUTBII BUCOKY 010XiMIUHY aKTHBHICTH 1 €KOHOMIYHICTh MeTaboIi3My.
IMpu oMy ckopouyeThes moTpeba y 6e3nepepBHO BUPOLLyBaHill 6i0Maci, 3MEHIIYeThCs OIS aepOOHO aCHUMIIbOBaHUX IIyKpiB
1 CKOpOYYIOTBCS 3a PaXyHOK IIbOTO TXHI BTPATH MPHU IpLKPKETeHepyBaHHI. Y TOMU ke 4ac, MPUCKOPEHHSI TOYaTKOBOTO MEPioAy
aHaepoOHOi (epmeHTanii crpuse iHriOyBaHHIO OIOCHHTE3y TJILEPHHY, Ha YTBOPEHHS SIKOTO BUTPAYaeThCs HAHOLnbIIa
KIIBKICTh LYKpY Cepell yCiX BTOPMHHMX IPOAYKTiB. Bu3HaueHo mapamerpu mpolecy 30pomKyBaHHS MEJSICHOTO cycia 3
PELMPKYISIIEI0 PiXk/PKOBOI OioMacH B IIPOMHUCIOBHX YMOBaX 1 BCTAHOBJICHO, III0 Ma€ Miclie 301IBIIEHHS BUXOY CIUPTY i3
CHPOBHHH 3a paxyHOK IOCTa0JICHHS] CHHTe3y BTOPMHHHUX IHPOAYKTiB Merabonizmy. IlepeBaru mporo croco0y ¢epmeHTamii
OyayTh BUKOPHCTaHi B MONAJBIINX JOCTIDKEHHSX, a caMe, P 30pOo/KyBaHHI MEJISICHOTO Cyciia ITiIBUIIEHOI KOHIEHTpamil
CYXHMX PEUOBHH 3 METOIO CKOPOUCHHS TMTOMMX BUTPAT TEIUIOBOI €HEeprii y BAPOOHULTBI 1 HOTO 3/1eLIIEBIICHHS.

KurouoBi ci1oBa: npikpKi, MesCHE Cycio, 30pODKYBaHHs, PELUPKYJIISLIs IPiXKIDKIB, €TaHO.
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