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Abstract

Fermentation of starch-containing raw materials in alcohol production is limited by the rate of enzymatic
hydrolysis of dextrins, which depends on the productivity of alcohol per ton of raw materials. We conducted a study
of the Kinetics of hydrolysis of corn starch by enzymes of the amylase complex depending on their dosage in the
conditions of a one-stage and two-stage dilution process. Research methods generally accepted in the alcohol
industry were used in the work. Conventional starchiness was determined polarimetrically according to the Evers
method. Enzymatic activity was determined by the photocolorimetric method. If the enzymatic hydrolysis of starch
was carried out at a temperature of 90 °C, the loss of activity of the enzyme preparation "Amilex 4T was 73 %
already after the first hour of exposure, and after three hours of exposure, the activity was only 15.4 % of the initial
level. The dilution regime at temperatures of 50-70 °C for one hour and raising it to 90 °C and holding for two hours
ensured the preservation of the enzyme activity, which was 62.9 % of the initial one. As a result of dilution of the
wort with different dosages of the alpha-amylase enzyme, it was determined that a dose of the enzyme of 1.5 units
of activity per 1 g of starch provided the necessary and sufficient level of formation of fermentable sugars. It was
established that the dissolution of starch under the conditions of stepwise two-stage heating of the wort was better
in comparison with the one-stage regime. The content of undissolved starch in the matured brew was 0.03 against
0.13 g/100 cm3 in the control, the indicators of unfermented sugars in the brew corresponded to the regulated
ones, and the alcohol content increased by 0.2 %.
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JAEKCTPUHI3ALIA KPOXMAJIIO AJIb®A-AMIVIA3010 B YMOBAX BUPOGHULITBA
ETUJIOBOTIO CITUPTY
Cepriii T. Ontiliniuyk, KaTepuna O. [laHinoBa™*
IHcmumym npodosoavuux pecypcie HayioHanvHoi akademii aepapHux Hayk YKpaiHu,
sy. €.Ceepcmioka, 44, Kuis, 03190, Ykpaina
AHoTarniq
36poaKyBaHHA  KpOXMaJIeBMiCHOI CHUpPOBMHM B COHPTOBOMY BHPOGHHUITBI 0O6Me)XeHe IIBHJKICTIO
depMeHTAaTHBHOrO TiApoJIi3y AEKCTPHHIB, BiJ, 40ro 3a/jeXUTh NPOAYKTUBHICTh CIMPTY 3 TOHHU cMpoBUHU. Hamu
NpoBeJeHO AOC/Ti/JKeHHs1 KiHeTHKM TiApoJlidy KpoxMasalw KyKypyA3u ¢epmMeHTaMH aMisla3HOro KOMILJIEKCY B
3aJ/IeXKHOCTI Bij, iX A03yBaHHA B yMOBax OJHOCTaJilHOro Ta JBOCTaJilHOro mpouecy po3pifkeHHA. B po6Gori
BMKOPHUCTOBYBAJIM 3araJIbHONPUHHATI B CIMPTOBili MPOMMC/IOBOCTI METOAM AOCHiJ)KeHb. YMOBHY KPOXMaJIMCTICTh
BHM3HaYaau NOoJIIPUMETPUYHO 3a MeTOAOM EBepca. depMeHTATUBHY AKTHUBHICTh BHU3Ha4YaIu
doTokonropuMeTpYHMM MeTOAOM. 3a yMOBaMH 3ilicHeHHA ¢epMeHTaTHUBHOIO TiApoJii3y KpoxMaaio 3a
Temnepatypu 90 °C BTpaTa akTUBHOCTI pepMeHTHOrO0 nNpenapary «AMmijsiekc 4T» craHoBu/1a 73 % Bike micjs nepmoi
roAWHHM BUTPUMYBaHHS, a Mic/is TPbOX rOAUH BUTPUMKH aKTHUBHICTBb Hioro ck/iajasa Jjume 15.4 % BiJ No4aTKOBOI.
Pexxum po3spigxeHHs 3a Temnepatypu 50-70 °C BOpoJOBXK oAHi€l roguHM Ta migBuiLeHHA A0 90 °C i BUTPUMKM ABi
rojvHM 3a6e3neyMuB 36eperkeHHS AaKTHMBHOCTI pepMeHTy, sika CTaHOBMJA 62.9 % Bij moyaTkoBoi. Y pe3sy/bTaTi
po3piJKeHHA cyc/ia 3a pi3HUM J03yBaHHAM pepMeHTy ajb@a-aMijia3y BU3HAUYEHO, 110 A03a ¢pepMmeHTy 1.5 oguHMLi
aKTHBHOCTI Ha 1 r KpoxMa/w 3a6e3nedyye HeoGXifgHMI i JocTaTHiIM piBeHb YTBOpeHHs 36pOJKYBAaHMX LYKpiB.
BcTaHOBJIEHO, 1[0 PO3YHHEHHSI KPOXMaJIl0 3a YMOB CTYNiHYaTOro ABOCTaJilfHOro HarpiBy cycja 6y/i0 KpaliuM y
NMOPiBHSAHHI 3 OJHOCTaAIMHMM peXHMMOM. BMicT HEepo3UYMHEHOro KpoxMa/iio B A03piaiid 6paxui 6y 0.03 mpotu
0.13r/100 cM3 B KOHTpPOJIi, NIOKa3HMKHN He36pOoJKeHUX LYKpiB B Gpakui BiANOBiJa/Iu perj;iaMeHTOBaHUM, a BMiCT
cnupTy 36ibmmBcesa Ha 0.2 %.
Kawuosi caosa: KyKypyAsa; KpoxMmaib; TifpoJis; ¢epMeHTHUH NpenaparT; aibda-aMisaza; ¢pepMeHTaTHBHA aKTHUBHICTh;
LyKpH
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Introduction
The determining factor in the efficiency of the
production of ethyl alcohol from starch-

containing raw materials is the hydrolysis of
starch into monosugars by enzymatic
preparations of microbial origin. The positive
aspects of this process are the possibility of
carrying out the reaction at low temperatures
with obtaining a hydrolyzate with a high content
of fermentable substances.

The theory and practice of enzymatic
hydrolysis of starch is characterized by the study
of the chemical composition of polysaccharides of
cereal crops and the kinetics of their hydrolysis.
Features of enzymatic hydrolysis require
determination of interrelationships of Kinetic,
diffusion, and hydrodynamic processes that affect
on the course of the process and yield of
fermentable sugars.

The current state of the theoretical
foundations of hydrolysis largely solves these
problems and makes it possible to effectively
influence to the production of ethyl alcohol from
starch-containing raw materials using current
technologies. However, the need to further
increase the profitability of ethyl alcohol
production requires research into the activity of
commercial enzyme preparations of alpha-
amylase and glucoamylase and the study of
individual factors affecting on the course of the
enzymatic kinetics of starch components that are
hydrolyzed at different rates. Recently, amylolytic
enzyme preparations have been widely used in
the technology of ethyl alcohol from starch-
containing raw materials [1-3]. Hydrolysis of
starch is carried out in two stages by the enzymes
alpha-amylase and glucoamylase, which are
characterized by high specificity in relation to the
substrate and the type of chemical reaction [4-6].
At the first stage of enzymatic dilution, 1-4
glucosidic bonds of amylose are destroyed by
alpha-amylase. Further hydrolysis is
characterized by the destruction of the 1-6
glucosidic bond of amylopectin to glucose by the
enzyme glucoamylase [7-9]. The products of
starch hydrolysis include dextrin or maltodextrin,
maltose and glucose. Dextrins are mixtures of
polymers of d-glucose units linked by a-(1 — 4)
or a-(1 — 6) glycosidic bonds. The percentage of
obtained products depends on the conditions
used for the reaction such as duration and
strength/amount of reagents used.

The formation of enzyme-substrate complexes
plays a decisive role in the mechanism of
enzymatic catalysis in general and starch in

particular. The speed of this enzymatic reaction
largely depends on the chemical composition and
availability of the substrate for enzyme action.
Under the conditions when a multicomponent
substrate is used in the hydrolysis reaction,
which includes cereal grain and preparations
containing a complex of enzymes, the enzyme-
substrate interaction becomes more complex,
which affects the reaction rate [10; 11]. Amylose
lipid complexes (AMLs) are likely to form during
liquefaction of ground corn in the dry grind
process. AML will form under high temperature
(= 85°C) and excess water conditions, due to
interaction of gelatinized starch with corn lipids.
AMLs are resistant to a-amylase action, resulting
in a decrease instarchavailable for
enzymatic hydrolysis. This affects sugar available
for fermentation and the final ethanol yield. It
was investigated that increasing the dilution
temperature to 105 °C reduced the number of
formed amylose-lipid complexes by 3.5 times
[12]. In addition, the efficiency of obtaining
fermentable sugars depends on the stability of
enzymes and the inhibitory effect of hydrolysis
products on them. Studies of the formation of
sugars under the conditions of variable
parameters of the course of starch hydrolysis
during three hours of reaction established the
change in the reaction rate, which decreases as
glucose is formed, which used [13; 14] in their
experiments. It is established that no a-amylase
activity was detected when glucose was used as
the carbon source in the influent medium,
indicating that o-amylase is catabolically
repressed by glucose. Contrastingly, maltose and
starch induce synthesis of a-amylase, with starch
being the best a-amylase induce [15]. Most of the
enzymatic processes slow down with the
duration of their implementation, which is due to
a decrease in the concentration of the substrate,
inactivation of the enzyme at a suboptimal
temperature and concentration of hydrogen ions
in the medium. The study of the activity of
enzymes in a biological system and the study of
the influence of individual factors on the course
of enzymatic catalysis is the subject of numerous
scientific studies [16-20]. So it was investigated,
decreases in resistant starch after high
temperature liquefaction were 55% to 74 %,
whereas low temperature liquefaction decreases
were 11 % to 43 % [20]. However, data on the
efficiency of starch hydrolysis under conditions of
variable parameters such as temperature, pH,
activity and dose of enzyme in the practical
technology of ethyl alcohol is almost not taken
into account. According to the starch
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biotransformation technologies operating in the
industry in the production of ethyl alcohol, the
necessary completeness of saccharification of
dextrins is not ensured, which is a limiting factor
in the course and duration of fermentation.

We conducted a study of the kinetics of
hydrolysis of corn starch by enzymes of the
amylase complex depending on their dosage in
the conditions of a one and two-stage process in
the production of ethyl alcohol.

Material and methods

The objects of research were amylolytic
enzyme preparation "Amilex 4T" of the company
"Danisko", wort prepared from corn, processes of
thermo-enzymatic hydrolysis of starch and
fermentation of wort, mature wort.

The research methods generally accepted in
the alcohol industry were used in the work [21;
23]. Conditional starch content was determined
polarimetrically according to the Evers method
[22; 23].

Amylolytic activity (AA) characterizes the
action of alpha-amylase in enzyme preparations,
is determined from the rate of the enzymatic
reaction of starch hydrolysis, which is
determined from the amount of starch
hydrolyzed in the process of this reaction. The
unit of amylolytic activity (AA) is taken as the
number of enzyme that, under specified
conditions (temperature 30 °C, pH 4.7-4.9, action
time 10 min), catalyzes the hydrolysis of 1 g of
soluble starch to non-iodine-stained dextrins
[24]. The activity of alpha-amylase was
determined by the colorimetric method [25].
Alcohol content in fermented distillates was
determined hydrometrically [21], the mass
concentration of unfermented carbohydrates - by
the photoelectric colourimetric anthrone method
[26].

The optimal schedule of temperature and pH
of enzyme preparations "Amilex 4T" and "Diazim
SSF" are shown in table 1 [27]

Table 1

The optimal schedule of temperature and pH of enzyme preparations

Name of the enzyme Specific gravity, g/cm3 Temperature range, °C pH range
preparation

Amilex 4T 1.15-1.25 60-100 4.8-7.0

Diazim SSF 1.12-1.15 30-65 3.0-5.5

To determine the degree of hydrolysis of
starch in the dilution process, depending on the
dose of the diluting enzyme, the 73 g of ground
corn with starchiness of 65% was mixed with
water, the volume of the mixture was brought to
250 cm3. The enzyme preparation "Amilex 4T" of
the company "Danisco” was added at the rate of
0.5; 1.0; 1.5; 2.0 units AA/g of starch, kept for
three hours. After every hour of dilution, the
content of sugars formed and alcohol-soluble
carbohydrates. The dynamics of starch hydrolysis
by the number of sugars formed was determined
by the method of high-performance liquid
chromatography (HPLC) on a Shimadzu Lab
Solutions chromatograph.

The technological mode of fermentation and
the parameters of the mature brew were carried
out by the fermentation test method. Corn meal
was mixed with water in a conical flask with a
volume of 500 mL, the volume of the mixture was
brought to 250 mL, and dilution was carried out
according to the technological regimes chosen in
the experiments. The diluted mass was cooled to
a temperature of 30°C, the saccharifying enzyme
preparation "Diazim SSF" of the "Danisco"
company was added at the rate of 6 units/g of
starch, 0.01 mL of the proteolytic enzyme
preparation "Alfalase AFP" of the "Danisco"

company, an antiseptic and 10 mL of yeast
suspension. After that, the flasks were closed
with an acid seal and fermentation was carried
out at a temperature of 30 °C for 80 hours. To
prepare the yeast suspension for each flask, a
measurement of 1 g of dry yeast "Thermosacc"
was diluted in 10 mL of water, kept for 20-
25 minutes and introduced into the flask with
wort.

The experimental data were obtained in
triplicate and processed by the methods of
mathematical statistics.

Results and discussion

The current level of biotechnology of starch
hydrolysis and fermentation of the formed sugars
into ethyl alcohol is quite high and is based on
separate technological stages of hydrolysis of raw
materials and fermentation of the hydrolyzate by
yeast. Under the conditions of alcohol production,
the hydrolysis of grain raw materials is carried
out at a temperature of 90 °C in order to release
starch from plant cells and convert it into a
soluble state [24]. Depending on the composition
of hydrolyzed enzyme preparations and the
parameters of the course of starch hydrolysis, the
technological process can be carried out with
different rates of formation of final sugars.
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At the first stage of the work, the influence of
the temperature, which corresponds to the
technological regimes of the dissolution stage, on
the activity and stability of alpha-amylase of the
enzyme  preparation "Amilex 4T" was
investigated.

As it can be seen from Fig. 1, the increase in
temperature in the first hour accelerates the
catalytic reaction, i.e. the rate of substrate
conversion. However, at the same time, the rate
of irreversible denaturation of the protein
increases, which leads to a decrease in the
concentration of the enzyme and causes the
reaction to slow down. If the process was carried
out at a temperature of 90 °C, the loss of activity
was 73 % already after the first hour of exposure
and after three hours of exposure, the activity of
the enzyme preparation was only 15.4 % of the
initial level. The dilution regime at a temperature
of 50-70 °C for one hour and raising it to 90 °C

A0

and holding for two hours ensured the
preservation of the enzyme activity, which was
62.9 % of the initial one. This indicates a more
intensive  saccharification of dextrins by
glucoamylase. It is obvious that this temperature
regime contributes to the preservation of
enzymes for the entire period of fermentation.
Thus, with alpha-amylase activity  of
1750 units/ml, after dissolution at a temperature
of 65 °C for an hour, it does not change, and after
two hours of dilution at a temperature of 90 °C, it
decreases by 1100 units. Thus, during the
fermentation period, the activity of alpha-
amylase is quite high and is 650 units/ml against
250-280 units/ml when dissolving starch at a
temperature of 85-90 °C for 3 hours. This factor
is particularly important when processing high-
amylose corn, which requires a longer time to
hydrolyze starch to low molecular weight sugars.
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Fig. 1 Thermal stability of alpha-amylase depending on the duration of dilution

At the same time, enzymatic processes are
characterized not only by the intensity of starch
degradation, but also by the rate of formation of
reaction products. The dynamics of the influence

of enzyme : substrate weight ratio on the degree
of starch hydrolysis are shown in Table 2. 47.45 g
of starch was introduced into the hydrolysis

reaction.
Table 2

Dynamics of the influence of the enzyme:substrate weight ratio on the degree of starch hydrolysis

Consumption of Duration of Sugar content, g/100 cm3 Sugars Amount of
alpha-amylase, dilution, were sugars,
un./g of starch hours Maltose Fructose Glucose Sum of formed, g in % to the
and mono- and per volume introduced
malto- disugars of 250 cm3  starch
dextrins
0.5 1 3.66+£0,15 0.09+0.005 0.62+0.03 4.37£0.2 10.9240.6 23.0+£0.9
2 3.71£0,15 0.10+£0.005 0.67+0.03 4.48%0.2 11.2040.6 23.61£0.9
3 3.92+0,15 0.12+0.005 0.71+0.03 4.7540.25 11.874£0.65 25.0+1.0
1 1 3.41+0,15 0.12+0.005 1.05+0.05 4.5840.2 11.4540.65 24.1+1.0
2 3.43+0,15 0.12+0.005 1.11+0.05 4.66%0.25 11.65+£0.65 24.5+1.0
3 3.45+0,15 0.17+£0.005 1.12+0.05 4.7240.25 11.84£0.65 24.9+£1.0
1.5 1 3.7240,15 0.1940.005 1.16+0.05 5.07+0.3 12.67+0.7 26.7£1.0
2 3.84+0,15 0,21+£0.005 1.18+0.05 5.23%£0.3 13.0740.7 27.5£1.1
3 3.96+£0,15 0.23+£0.005 1.21+0.05 5.40%0.3 13.5+£0.72 28.4+1.1
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Continuation of the table 2

2 1 3.50+0,15 0.16+£0.005 1.12+0.05 4.78+0.25 11.95+0.65  25.2£1.0

2 3.5240,15 0.18+£0.005 1.14+0.05 4.84+0.25 12,1£0.65 25.5£1.0

3 3.56+£0,15 0.19+0.005 1.17+0.05 4.92+0.3 12.3+£0.65 25.9£1.0
The obtained results show that the for 1 hour, which is 25.2 % of the introduced
carbohydrate composition of the wort is starch, and at a dose of 1.5 units of activity for 1

represented by maltose and maltodextrins (3.4-
3.96 g/100 cm3), and the glucose content is much
lower - up to 1.21 g/100 cm3. Which is explained
by the shortest relaxation time, i.e. the length of
time during which mono- and di-sugars are

formed will always be shorter than for
hydrolyzates with a higher degree of
polymerization.

The main number of sugars is formed during
the first hour of the process - 5 g/100 cm3 or
26.7% to the introduced starch, which
corresponds to the theory of starch hydrolysis by
alpha-amylase, which destroys 1,4-bonds [3;6].
As it can be seen from the data in Table 2, with a
decrease in the dose of the introduced enzyme
alpha-amylase, the process of hydrolysis of
amylose is more intense. Yes, at a dose of 2 units
of activity, 4.78 g/100 cm3 of sugars are formed

'

w2 fosmation. &omn

Mg

hour, 5.07 g of sugars or 26.7 % of the introduced
starch are formed. In our opinion, this can be
explained by the fact that the excess of the
enzyme preparation interacts with the substrate
with the formation of enzyme-substrate
complexes that do not participate in starch
hydrolysis. With a further decrease in the dose of
the enzyme preparation, the number of sugars
formed drops and amounts to 4.58 g and 4.37 g,
this is 24.1 % and 23.0% of the introduced
starch. Thus, the optimal dose of the diluting
enzyme alpha-amylase is 1.5 units/g of starch.

Figure 2 shows the dynamics of the influence
of the enzyme :substrate weight ratio on the
specific rate of substrate hydrolysis, which is
determined by the number of sugars formed in 1
minute.

Fig. 2. The dynamics of the influence of the enzyme:substrate weight ratio (E/S) on the specific rate of substrate
hydrolysis, in g/min.

In the first hour of dilution, the largest number
of sugars was formed, the formation rate of their
was maximum and it consist 0.2 g per minute.
With an increase in the duration of dilution, the
specific rate of formation of sugars decreased and
was 0.102 and 0.067 g/minute at the 2nd and 3rd
hours, respectively. This dependence persists for
any amount of added diluting enzyme
preparation. Thus, with an increase in the time,
the enzyme is in the medium, its enzymatic
activity decreases and, accordingly, the rate of
sugar formation decreases, which was only 33 %
of the initial rate by the 3rd hour. This is
explained by the inhibition of the enzyme
preparation by hydrolysis products.

At the same time, enzymatic processes are
characterized not only by the intensity of starch
degradation, but also by the rate of formation of
reaction products [28]. Therefore, the influence
of the dosage of the diluting enzyme preparation
"Amilex 4T" on the accumulation of alcohol-
soluble carbohydrates in the wort was
investigated. The choice of this indicator was due
to the nature of the action of alpha-amylase,
namely its ability to hydrolytically split 1-4
glycosidic bonds at any point of the
polyglycosidic chain of amylose and amylopectin
with the formation of dextrins [29]. Therefore,
the products of this reaction are fractions of
dextrins of different molecular weight and a small
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amount of glucose [30]. Alcohol-soluble
carbohydrates  include the fraction of
maltodextrins (number of monomers in the chain
<5) [29]. Thus, the number of alcohol-soluble
carbohydrates, as the theoretically dominant
product of enzymatic hydrolysis of starch, gives a
more complete picture of the kinetics of
processes occurring in the process of liquefaction
of starch. The dynamics of the accumulation of
alcohol-soluble carbohydrates depending on the
duration of dilution and the enzyme : substrate
weight ratio (E/S) (Figure 3).

As it can be seen from Fig. 3, the highest
concentration of alcohol-soluble carbohydrates
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was obtained when 1.5 units of AA/g starch of the
diluting enzyme preparation alpha-amylase were
added to the medium. When the concentration of
the enzyme preparation in the solution increased
to 2 units of AA/g of starch, the content of
alcohol-soluble carbohydrates in the wort was
30-35% lower compared to the dosage of
1.5 units of AA/g of starch throughout the
dilution process. This may indicate the formation
of unproductive enzyme-substrate complexes
and inhibition of the diluting enzyme
preparation.
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Fig. 3. Dynamics of the influence of the enzyme:substrate weight ratio (E/S) on the accumulation of alcohol-soluble
carbohydrates.

To determine the influence of the starch
dilution mode on the ethanolyields and
conversion of starch into sugars, the fermentation
of diluted corn wort was carried out with the

addition of alpha-amylase in the amount of 1.5
units AA/g of starch under one-stage and two-
stage temperature regimes (table 3).

Table 3

The influence of the starch dilution regime on the conversion into sugars and ethanol content

Indicator

Temperature regimes

t-87-90°C, 3 hours

One stage Two stages
t-650°C, 1hour
t-90 oC, 2 hours

Unfermented carbohydrates, g/100

ml:

- General 0.49+0.02 0.3240.02
- Water soluble 0.35+0.02 0.28+0.02
- Undissolved starch 0.13+0.02 0.0340.001
- Alcohol soluble 0.16+0.02 0.1740.02
- Dextrins 0.1940.02 0.11+0.02
Alcohol content, % (by volume) 8.0+0.05 8.2+0.05

From the given data, it can be seen that the
dissolution of starch under the conditions of step
heating of the dough was better; the content of
undissolved starch in the matured brew was
significantly lower, 0.03 against 0.13 g/100 ml in
the control. The content of alcohol-soluble

carbohydrates differed within the error of
determination, and the content of dextrins was
0.11 against 0.19 g/100 ml in the control, and the
alcohol content increased by 0.2 %. It is obvious
that the two-stage temperature regime of starch
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dilution contributes to the preservation of
enzymes for the entire period of fermentation.

Conclusion

1. The complete use of starch introduced
into the technological process depends on the
preservation of the activity of the alpha-amylase
enzyme due to the variable parameters of the
temperature regime of starch hydrolysis.

2. If the process was carried out at a
temperature of 90°C, the loss of activity was
73 % already after the first hour of exposure and
after three hours of exposure, the activity of the
enzyme preparation was only 15.4 % of the initial
level. The dilution regime at temperatures of 50—
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