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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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ДЕКСТРИНІЗАЦІЯ КРОХМАЛЮ АЛЬФА-АМІЛАЗОЮ В УМОВАХ ВИРОБНИЦТВА 
ЕТИЛОВОГО СПИРТУ 
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Анотація 
Зброджування крохмалевмісної сировини в спиртовому виробництві обмежене швидкістю 
ферментативного гідролізу декстринів, від чого залежить продуктивність спирту з тонни сировини. Нами 
проведено дослідження кінетики гідролізу крохмалю кукурудзи ферментами амілазного комплексу в 
залежності від їх дозування в умовах одностадійного та двостадійного процесу розрідження. В роботі 
використовували загальноприйняті в спиртовій промисловості методи досліджень. Умовну крохмалистість 
визначали поляриметрично за методом Еверса. Ферментативну активність визначали 
фотоколориметричним методом. За умовами здійснення ферментативного гідролізу крохмалю за 
температури 90 оС втрата активності ферментного препарату «Амілекс 4Т» становила 73 % вже після першої 
години витримування, а після трьох годин витримки активність його  складала лише 15.4 % від початкової. 
Режим розрідження за температури 50–70 оС впродовж однієї години та підвищення до 90 оС і витримки дві 
години забезпечив збереження активності ферменту, яка становила 62.9 % від початкової. У результаті 
розрідження сусла за різним дозуванням ферменту альфа-амілази визначено, що доза ферменту 1.5 одиниці 
активності на 1 г крохмалю забезпечує необхідний і достатній рівень утворення зброджуваних цукрів. 
Встановлено, що розчинення крохмалю за умов ступінчатого двостадійного нагріву сусла було кращим у 
порівнянні з одностадійним режимом. Вміст нерозчиненого крохмалю в дозрілій бражці був 0.03 проти 
0.13 г/100 см3 в контролі, показники незброджених цукрів в бражці відповідали регламентованим, а вміст 
спирту збільшився на 0.2 %.  
Ключові слова: кукурудза; крохмаль; гідроліз; ферментний препарат; альфа-амілаза; ферментативна активність; 
цукри 
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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 α-(1 → 4) 
or α-(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 α-amylase action, resulting 
in a decrease in starch available 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 α-amylase 
activity was detected when glucose was used as 
the carbon source in the influent medium, 
indicating that α-amylase is catabolically 
repressed by glucose. Contrastingly, maltose and 
starch induce synthesis of α-amylase, with starch 
being the best α-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 oC, 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] 

Таble 1 
The optimal schedule of temperature and pH of enzyme preparations 

Name of the enzyme 
preparation 

Specific gravity, g/cm3 Temperature range, оС рН range 

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 oC 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 

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. 

 

 
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 
alpha-amylase, 
un./g of starch 

Duration of 
dilution, 
hours 

Sugar content, g/100 cm3 

 
Sugars 
were 
formed, g 
per volume 
of 250 cm3 

Amount of 
sugars, 
in % to the 
introduced 
starch 

Maltose 
and 
malto-
dextrins 

Fructose Glucose Sum of 
mono- and 
disugars 

0.5  1 3.660,15 0.090.005 0.620.03 4.370.2 10.920.6 23.00.9 
 2 3.710,15 0.100.005 0.670.03 4.480.2 11.200.6 23.60.9 
 3 3.920,15 0.120.005 0.710.03 4.750.25 11.870.65 25.01.0 
1  1 3.410,15 0.120.005 1.050.05 4.580.2 11.450.65 24.11.0 
 2 3.430,15 0.120.005 1.110.05 4.660.25 11.650.65 24.51.0 
 3 3.450,15 0.170.005 1.120.05 4.720.25 11.80.65 24.91.0 
1.5  1 3.720,15 0.190.005 1.160.05 5.070.3 12.670.7 26.71.0 
 2 3.840,15 0,210.005 1.180.05 5.230.3 13.070.7 27.51.1 
 3 3.960,15 0.230.005 1.210.05 5.400.3 13.50.72 28.41.1 
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Continuation of the table 2 
2  1 3.500,15 0.160.005 1.120.05 4.780.25 11.950.65 25.21.0 
 2 3.520,15 0.180.005 1.140.05 4.840.25 12,10.65 25.51.0 
 3 3.560,15 0.190.005 1.170.05 4.920.3 12.30.65 25.91.0 

 

The obtained results show that the 
carbohydrate composition of the wort is 
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 

for 1 hour, which is 25.2 % of the introduced 
starch, and at a dose of 1.5 units of activity for 1 
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 

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. 

 

 
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 ethanol yields 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). 

Таble 3  
The influence of the starch dilution regime on the conversion into sugars and ethanol content 

Indicator Temperature regimes 
One stage 

t – 87–90 оС, 3 hours 
Two stages 

t – 65 оС, 1 hour 
t – 90 оС, 2 hours 

Unfermented carbohydrates, g/100 
ml: 

  

- General 0.490.02 0.320.02 
- Water soluble 0.350.02 0.280.02 
- Undissolved starch 0.130.02 0.030.001 
- Alcohol soluble 0.160.02 0.170.02 
- Dextrins 0.190.02 0.110.02 
Alcohol content, % (by volume) 8.00.05 8.20.05 

 

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 oC, 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–

70 oC for one hour and raising it to 90 oC and 
holding for two hours ensured the preservation 
of the enzyme activity, which was 62.9 % of the 
initial one. 

3. The most effective dose of alpha-amylase, 
which ensures the necessary and sufficient level 
of formation of alcohol-soluble sugars, is 
achieved with an enzyme consumption of 
1.5 units of activity per 1 g of starch. 

4. An increase in the consumption of alpha-
amylase to 2.0 units per 1 g of starch causes its 
overspending and negatively affects the degree of 
dilution and formation of ethyl alcohol. 
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