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Kinetic studies were conducted at 60–700C using buffer solutions with pH 3–5 to establish
the effect of solution acidity on the efficiency of amylose leaching from starch. It was
shown that the kinetic data are well described by the Kruger-Ziegler model. It was established
that as the pH of the solutions decreases from 5.0 to 3.0, the activation energy of amylose
leaching process decreases from 185 to 22 kJ/mol, and its dependence on hydrogen ion
concentration is described by two linear segments within the pH ranges of 3.0–3.3 and
3.6–5.0. The effect of reducing the hydrogen bond energy upon addition of an additional
proton to the water molecule was demonstrated through quantum-chemical modeling
using the Gaussian 09 software. It was shown that protonation of the water molecule leads
to a decrease in the effective charge on the oxygen atom from –0.626 to –0.142 unit of
electron charge. At the same time, the linearity of the hydrogen bond along the
–Î⋅⋅⋅Í–Î– atoms is violated, the length of the hydrogen bond increases from 1.856 to
2.370 Å, and the binding energy decreases by 4.6 times. Thus, hydrogen ions can be
considered as a kind of pseudo-catalyst for the process of amylose leaching from starch
grains, since in their presence the activation energy of the process decreases and its rate
increases. It was concluded that the process of hydrothermal leaching of amylose from
starch can be intensified by carrying it out in acidic media without additional heating of
starch suspensions.
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Introduction
Despite the long history of the starch study,

this research does not lose its relevance due to its
wide use not only in food technology but also in the
pulp and paper industry, the construction industry,
the textile industry, and, for example, disposable
tableware and packaging materials [1–4]. First of
all, starch and its modifications are of interest due
to their properties of forming pasty solutions. There
are chemical, mechanical and hydrothermal methods
of gelatinization of starches. Hydrothermal
gelatinization of starch is a process of destruction of
starch granules in hot solutions, which is
accompanied by the removal (technical term –
leaching) of amylose and the formation of a starch
hydrogel.

Separation of amylose from amylopectin by the
method of hydrothermal leaching is carried out by
heating a suspension of starch in an excess of water
to a temperature slightly above the temperature of
gelatinization, so as not to disturb the integrity of
the granules. Amylose after leaching can be separated
from amylopectin and the remains of starch granules
by centrifugation are separated from the solution by
precipitation with the addition of a hydrophobic
reagent that forms the inclusion complexes [5].

Our studies of the amylose hydrothermal
leaching kinetics from potato starch showed that the
time dependence of the amylose extraction degree
well obeys the Kruger-Zigler equation [6]. This
equation was proposed for modeling heterogeneous
chemical processes in «solid–solution» systems.



73

Pseudocatalytic acceleration of hydrothermal leaching of amylose from starch in acidic media

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2023, No. 5, pp. 72-81

Calculations showed that the activation energy of the
amylose leaching process is 191 kJ/mol at the
temperatures of 60–700C, whereas it decreases to 22
kJ/mol at the temperatures of 80–900C. The
dependence of the activation energy of the
gelatinization process on temperature is well known,
but the reasons for this regularity are still debatable.
For example, it is proposed to describe such an effect
in terms of a certain «breaking point» in the kinetics
of the process (the so-called critical temperature point
of the «solid-liquid» phase transition) which divides
the gelatinization process into two following stages:
(1) the swelling of the amorphous part; and (2) the
destruction of the crystalline part of the starch
granules [7,8]. It is assumed that at first the
gelatinization takes place in the amorphous areas,
and after the «breaking point» it occurs in the
crystalline areas. However, for all studied starches,
the activation energy is initially higher, and after
reaching the «break point» temperature, its value
decreases sharply. It is obvious that amorphous
formations in starch granules are easier to «destroy»
than crystalline ones, i.e. from the point of view of
the sequential dissolution of amorphous and
crystalline parts of the granule, there should be an
inverse relationship: at first, the activation energy
has a low value and then it increases. It is obvious
that the idea of a «breaking point» in the process
kinetics does not allow us to explain the patterns
observed. In our opinion, the concept of the critical
temperature point of the phase transition is valid
only for whole granules. The fact is that when starch
is extracted from vegetable raw materials, a part of
its granules is destroyed. Obviously, for destroyed
granules, the stage of its swelling accelerates
significantly. This could explain the observed decrease
in the temperature at the start of gelatinization. This
feature is well confirmed by the known facts of the
possibility of partial gelatinization of starch at
temperatures below the «breaking point» [9].

It is believed that the main problem in
explaining the effect of the dependence of the
activation energy of the gelatinization process on
temperature is its high value at low temperatures. If
the value of the activation energy at the level of
22 kJ/mol can be attributed to the diffusion process,
then the energy values at the level of 200 kJ/mol
can be understood only if they characterize chemical
interaction. In our opinion, a way out of this paradox
is possible using the idea of numerous hydrogen bonds
between amylose macromolecules. If breaking one
hydrogen bond, for example, in a water dimer
requires the energy of 21 kJ/mol, then for ten such
bonds between OH groups of amylose macromolecules,

the breaking energy should be of the order of two
hundred kilojoules. From this point of view, amylose
leaching can be considered a heterogeneous pseudo-
chemical process in which amylose (the solid reactant)
«reacts» with water as follows:
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where R is the amylose macromolecules in starch
granules connected by intermolecular bonds;







 ⋅ OH

m
xR 2  is hydrated amylose in starch granules

with broken intermolecular bonds.

From the point of view of presenting the
leaching of amylose by a heterogeneous pseudo-
chemical process, it should be concluded that
leaching at temperatures of 60–700C proceeds in a
kinetic mode. This conclusion makes it possible to
determine the following methods of process
intensification: an increase in the process rate due
to an increase in temperature and/or the use of a
catalyst. The effect of temperature is well known
and it was quantitatively described elsewhere [6]. It
is of scientific and practical interest to consider the
possibility of catalytic acceleration of the amylose
leaching process from starch granules.

Acids, which are used industrially in starch
hydrolysis processes to obtain glucose and other
saccharides, are often indicated as a catalyst for the
conversion of starches in the literature. Acids are
also used in dextrin production (modified starch with
a reduced degree of polymerization of amylose and
amylopectin). To accelerate the processes of its
thermal destruction, pre-saturation of starch with
inorganic acids is used, which intensifies the
hydrolysis processes. It is believed that two following
processes occur during acid hydrolysis of starch: (1)
the destruction of associative bonds between amylose
and amylopectin macromolecules, and (2) the
breaking of their α-D-(1,4)- and α-D-(1,6)-bonds.
Despite the industrial use of acid hydrolysis of starch,
there are no published studies on the mechanism
and kinetic laws of the influence of acids on the
process of amylose leaching from starch. It can be
assumed that the weakening and breaking of
associative bonds between starch macromolecules will
contribute to the process of extracting amylose from
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starch granules, but it is not possible to predict at
which pH values and to what extent this process will
accelerate.

Thus, the aim of the work was to determine
the influence of the solution acidity on the efficiency
of the amylose leaching process from starch. To
quantify this issue, it was of interest to evaluate the
effect of acid on the activation energy of the amylose
leaching process.

Experimental
Potato starch of the highest grade (Ukrainian

state standard DSTU 4286:2004) with 16.8% moisture
and 0.30% total ash was used in the experiments.
8.5 cm3 of 0.10 M NaOH solution was used to
neutralize 100 g of starch (in terms of dry matter).

To study the kinetics of amylose leaching, 400.0
ml of buffer solution was poured into a round-
bottomed flask with a paddle stirrer. A 0.05 M
solution of potassium phthalic acid (pH 4.0) and its
mixture with hydrochloric acid or sodium hydroxide
were used as buffer solutions (to vary the pH in the
range of 3–5). The flask was placed in a thermostat
and heated to a set temperature in the range of 60–
700C. Then, at constant stirring, a portion of starch
weighing 4.00 g was added to the solution. 5 ml of
the solution was periodically taken for
spectrophotometric analysis of the amylose content
during leaching. The measurement method is
described in detail elsewhere [6]. The chosen
conditions of the experiment made it possible to
obtain amylose solutions in concentrations that did
not go beyond the linear dependence of light
absorption of its complexes with iodine on
concentration (0–2.2 mg/ml).

The leaching degree was calculated based on
the data of three parallel measurements as the ratio
of the current values of light absorption of amylose
solutions with iodine to its maximum value for the
given conditions of the isothermal experiment, which
was determined after 6 hours of leaching.

The rate constants were determined by the
Kruger-Ziegler equation:

( )( )21 3k lnt 1 1 X ,⋅ = − −   (2)

where Õ is the degree of amylose extraction; k is the
observed rate constant of the process; and t is the
isothermal holding time.

The content of reducing substances in starch
(i.e. aldehyde groups formed during the hydrolysis
of starch) was determined by potentiometric titration
in a slightly alkaline environment (pH ~9) using
titrated solutions of iodine and sodium thiosulfate
[10]. The possibility of hydrolysis of starch was also

checked by determining the change in weight of its
samples when they were treated with acidic solutions
with a pH of 3–5. It was assumed that during
hydrolysis, water-soluble fragments of polymers can
be formed, which will lead to a decrease in the mass
of starch. Portions of starch (2 g) were weighed on
an analytical balance and kept at intensive stirring
for one hour in buffer solutions (volume 75 ml) at a
temperature of 500C. Then the sediments were
washed three times with distilled water, dried at 100–
1100C and weighed.

Results and discussion
A natural increase in the degree of amylose

extraction was observed with increasing duration of
leaching in all experiments on hydrothermal leaching
of starch in solutions with a pH of 3–5. In addition,
as in the case of amylose leaching from aqueous
solutions [6], X(t) dependences have the form of
convex curves that tend to saturation with increasing
the leaching time.

To choose a kinetic model, the obtained data
were analyzed using known kinetic equations that
are used to describe processes in «solid–liquid»
systems: one- and two-dimensional diffusion, Yander,
«anti-Yander», Kruger-Zigler, Ginstling-Brownstein,
Zhuravlev-Lesokhin-Tempelman, Avrami-Yerofeev,
compressible sphere, zero, first and second order,
exponential and power. Statistical processing of the
kinetic dependences X vs. t in the coordinates of
these equations according to the Fisher variance ratio
at a significance level of 0.05 showed that the best
results (R2>0.99) were obtained when the kinetic
data were described by the Kruger-Zigler equation.
Figures 1–5 show the results of kinetic measurements
in the coordinates of this equation. As can be seen
from the presented plots, the experimental
dependences X vs. t are well linearized in the selected
coordinates.

The fundamental difference of this Krueger-
Ziegler model from other models of heterogeneous
chemical processes is that the diffusion coefficient
of transported ions or molecules is not considered a
constant, but a variable value that is inversely
proportional to time (Appendix A). Since the
hydration of the outer layers of starch granules
changes the architecture of their intermolecular
bonds, the variability of the diffusion coefficient of
water molecules as a reagent in this model is quite
understandable. The assumption of Kruger and
Ziegler that the diffusion coefficient can be inversely
proportional to time is well fulfilled in this case: the
longer the hydration time, the thicker the layer of
hydrated macromolecules and the smaller the
diffusion coefficient.
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The rate constants of the amylose leaching
process at different temperatures were calculated
from the slopes of the straight lines in Figs. 1–5.
The treatment of the temperature dependences of
the calculated rate constants in the coordinates of
the Arrhenius equation (Fig. 6) allows determining
the activation energies of the researched processes
(Table 1).

From the obtained data, first of all, we note the
complex nature of the dependence of the rate constants
on the pH of the solutions in which leaching was
carried out. If its values naturally decrease with an
increase in the pH of the media at temperatures below
660Ñ, then this sequence is broken at higher

Fig. 1. Dependences of the amylose extraction degree from

starch in a buffer solution with pH 3.0 on the time of

isothermal holding at temperatures of 620Ñ (1), 660Ñ (2) and

690Ñ (3) in the coordinates of the Kruger-Zigler equation

Fig. 2. Dependences of the amylose extraction degree from

starch in a buffer solution with pH 3.3 on the time of

isothermal holding at temperatures of 620Ñ (1), 660Ñ (2) and

700Ñ (3) in the coordinates of the Kruger-Zigler equation

Fig. 3. Dependences of the amylose extraction degree from

starch in a buffer solution with pH 3.6 on the time of

isothermal holding at temperatures of 620Ñ (1), 660Ñ (2) and

700Ñ (3) in the coordinates of the Kruger-Zigler equation

Fig. 4. Dependences of the amylose extraction degree from

starch in a buffer solution with pH 4.0 on the time of

isothermal holding at temperatures of 620Ñ (1), 660Ñ (2) and

700Ñ (3) in the coordinates of the Kruger-Zigler equation

temperatures. It is obvious that this is due to a sharp
decrease in the activation energies of the leaching
process, the values of which naturally increase with
increasing pH.

In the coordinates of the dependence of
activation energies on the concentration of hydrogen
ions (Fig. 7), the effect of the acidity of the media
on Ea can be described by two linear sections on the
graph. In the pH range from 5 to 3.6, the activation
energy of the amylose leaching process from starch
decreases linearly with increasing hydrogen ion
concentration. Then, in the area of pH 3.3–3.6, a
sharp change in the slope of the Åà vs. ÑÍ

+

dependence is observed.
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proportionally. After saturation with protons, this
effect should decline, which explains the second
section in Fig. 7. To confirm the hypothesis about
protons’ influence on the hydrogen bond’s strength,
we performed quantum chemical modeling
(Appendix B).

As is known, a hydrogen bond can be
considered a type of covalent bond, since its formation
is accompanied by a redistribution of electron density
and can lead to qualitative changes in the structure of
the interacting molecules. Currently, it is considered
that the description of the hydrogen bond within the
framework of the MO method is the most favorable
approximation. To simplify the model, we considered

Fig. 5. Dependences of the amylose extraction degree from

starch in a buffer solution with pH 5.0 on the time of

isothermal holding at temperatures of 620Ñ (1), 660Ñ (2) and

700Ñ (3) in the coordinates of the Kruger-Zigler equation

Fig. 6. Comparison of the rate constants of the leaching

process of amylose from starch in buffer solutions with pH 3.0

(1), 3.3 (2), 3.6 (3), 4.0 (4), and 5.0 (5) in the temperature

range of 62–700Ñ in the coordinates of the Arrhenius equation

рН t, 0C –lnk Ea, kJ/mol 
62 4.783
66 4.6943.0 
69 4.597

22.2 

62 5.114
66 5.0133.3 
69 4.890

26.8 

62 5.655
66 5.4243.6 
70 5.227

51.1 

62 5.960
66 5.393 4.0 
70 4.943

138.1 

62 7.131
66 6.293 5.0 
70 5.581

185.2 

Table  1
The rate constants of the Kruger-Ziegler equation at

different pH and temperatures and the activation energy
of the amylose extracting process from potato starch in

the range of 62–700Ñ

In our opinion, this nature of the dependence
of the activation energy on the solution acidity can be
explained by the influence of hydrogen ions on the
strength of intermolecular bonds of amylose, namely
on the strength of hydrogen bonds between their OH
groups. For example, according to ref. [11], the strength
of intermolecular bonds of amylose well correlates
with the volume density of hydrogen bonds available
for formation. Obviously, as the concentration of
hydrogen ions increases, the share of protonated
oxygen atoms in the OH groups of starch polymers
increases and the strength of hydrogen bonds decreases

Fig. 7. Dependence of the activation energy of amylose

extracting process from potato starch on the concentration of

hydrogen ions for the temperature range of 62–700Ñ
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the water dimer before and after the addition of a
proton. Calculations showed that the protonation of
the water molecule leads to a decrease in the effective
charge on the oxygen atom from –0.626 to –0.142
unit of electron charge. At the same time, the linearity
of the hydrogen bond along the –Î⋅⋅⋅Í–Î– atoms is
violated, the equilibrium length of the hydrogen bond
increases from 1.856 Å to 2.370 Å, and the binding
energy decreases by 4.6 times. Thus, the performed
simulation shows that the regularities of Fig. 7 can be
explained by a decrease in the energy of hydrogen
bonds with an increase in the concentration of
hydrogen ions. Obviously, when starch granules are
saturated with protons, a further increase in their
concentration no longer affects the strength of
hydrogen bonds so effectively and we observe a
decrease in the rate of change of the activation energy
at pH<3.6 on the Åà vs. ÑÍ

+ curve.
It should be noted that the decrease in the

activation energy of the amylose extraction process
at a reduced pH of the solution can be explained
not only by a change in the strength of intermolecular
hydrogen bonds but also by the possibility of gradual
hydrolysis of amylose and amylopectin, that is, by
the disintegration of their macromolecules into
smaller fragments as a result of the –Ñ–Î–Ñ– bond
breaking:

R1–Î–R2+H3O+→R1–ÎH+HO–R2+H+,

where Ri is the fragments of amylose or amylopectin
macromolecules.

Since hydrogen ions are not consumed in such
reactions, they are considered a catalyst.
Oligosaccharides formed by this reaction are divided
into reducing and non-reducing. The thing is that
during the hydrolysis of starch, reducing ends are
formed at the places where macromolecules are
broken (an open form of glucose with a free reactive
aldehyde group). Therefore, under industrial
conditions, the hydrolysis of starch is characterized
by a change in the so-called reducing index. The
research was performed on the content of reducing
substances in amylose solutions obtained by leaching
in buffer solutions. The analysis was carried out by
the method of potentiometric titration using titrated
solutions of iodine and sodium thiosulfate. It was
found that in the amylose solution obtained by
leaching from 1.00 g of starch in 100 ml of a buffer
solution with a pH of 3.0 at a temperature of 700C for
60 minutes, the content of reducing substances was
3.8⋅10–5 mol. In our opinion, a relatively small content
of reducing substances in acidic solutions of amylose
may indicate not only its partial hydrolysis but also

an increased probability of opening glucose cycles at
the ends of amylose macromolecules. Therefore, the
possibility of the hydrolysis of starch under the
conditions of our experiment was also checked by
determining the change in the weight of its samples
when they were treated with buffer solutions at a
temperature of 500C, that is, before the start of the
gelatinization process. Studies have shown that the
changes in the weight of starch in experiments with
distilled water and solutions with pH 3.0 and 4.0 are
the same and amount to 16.75%. A similar decrease
in weight by 16.75% was observed when drying starch
at the same temperatures, which indicates a decrease
in weight due to its dehydration. Therefore, in the
experiments performed at pH 3–4, we did not confirm
the formation of water-soluble starch oligomers, which
allows us to conclude that there is no hydrolysis under
the chosen experimental conditions. Thus, it should
be concluded that the obtained features of the decrease
in the activation energy with a decrease in the pH of
the solution are not related to the partial hydrolysis
of starch, but are the result of the influence of hydrogen
ions on the strength of the hydrogen bond.

Conclusions
The performed studies showed that an increase

in the acidity of the solutions leads to an acceleration
of the amylose leaching from potato starch at
temperatures of 60–700Ñ. The obtained regularities
are well explained by the influence of hydrogen ions
on the strength of intermolecular hydrogen bonds of
amylose. Based on the data of quantum chemical
simulation, it can be assumed that the protonation
of the OH groups of starch polymers leads to a
decrease in the effective charge on the oxygen atoms,
disrupts the linearity of the hydrogen bond along
the –O⋅⋅⋅H–O– atoms, and increases the length of
the hydrogen bond. All these factors decrease the
binding energy between amylose macromolecules,
which lowers the energy barrier in the way of their
leaching process.

Despite the absence of a chemical reaction,
hydrogen ions can be considered as a kind of pseudo-
catalyst in the process of extracting amylose from
starch granules, since in its presence the activation
energy of the process decreases and its rate increases.
The formal use of a mathematical description of the
leaching process by using the Kruger-Ziegler equation
proved to be justified from the point of view of
establishing the regularities of the process and the
possibility of a quantitative assessment of its
parameters. It was found for the first time that the
process of hydrothermal leaching of amylose from
starch can be intensified by using acidic media
without additional heating of starch suspensions.
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Appendix À. Kruger-Ziegler kinetic model
As is known, the Kruger-Ziegler model considers

a heterogeneous chemical process between solid reagent
A and soluble reagent B with the formation of a solid
reaction product:

À(s)+Â(liq)→ÀÂ(s).
For a spherical particle of a solid reactant with

an effective radius r0, a product layer with a thickness
of z will form during the time interval t as a result of
the reaction:

r=r0–z,

where r0 is the initial radius; z is the thickness of the
reaction product layer; and r is the radius of a solid
particle at a certain time t.

The conversion degree of a solid reactant (1–X)
can be written in terms of the ratio of its volumes at
the moment of time t and before the beginning of the
conversion:

( )
( )

34
03

34
03

π r z
1 X .

π r
−

− =

From this equation, it follows that

( )
1
3

0z r 1 1 X . = − − 
 

Kruger and Ziegler proposed to take into account
the possibility of changing the diffusion coefficient of
reagent B, transferred through the layer of the reaction
product AB: D=k1/t. Using the Yander model (with a
parabolic law of dependence on the time of the gradual
growth of the reaction product layer), they presented
the rate of change in the thickness of the reaction
product layer in the following form:

m 0 1 m 0DV C k V Cdz ,
dt z tz

= =

where D is the diffusion coefficient; Vm is the molar
volume of the reaction product; and C0 is the
concentration of the soluble reagent on the surface.

After the separation of variables and integration
of this equation:

m 0 1
dtzdz V C k ,
t

=∫ ∫
one can get the following expression:

2
m 0 1z 2V C k lnt.=

Combining this equation with the previous
formula for z, one can obtain:

( )
21

2 3
0 m 0 1r 1 1 X 2V C k lnt. = − − = 

 

To simplify the equation, we denote the product
of constant quantities by a new constant (k) and
obtain the Kruger-Zigler equation:

( )
21

3k lnt 1 1 X . = − − 
 

The validity of using the Kruger-Ziegler model
to describe the starch gelatinization process can be
demonstrated by the scheme for the starch hydration
stage (Eq. (1)). It can be considered that the stage
of amylose hydration is characterized by a variable
diffusion coefficient of water molecules through the

product layer (s)OH
m
xR 2 






 ⋅  as a result of a change

in the conformational structure of the polymer during
the destruction of intermolecular bonds.

Appendix B. Quantum-chemical modeling of
proton influence on hydrogen bond energy

Quantum chemical simulation was performed
using the Gaussian 09 software using the 6-
311++G(2d, 2p) basis set [12]. The DFT calculation
method with the B3LYP hybrid functional was used.
Solvation effects were taken into account using two
models: the polarization continuum PCM [13] and
the universal solvation model based on the SMD
electron density [14]. Using the AIM2000 and
AIMALL programs, a topological analysis of electron
density distribution functions was performed using
the QTAIM method. The formation of hydrogen
bonds was determined by the presence of a critical
point of type (3;–1) between water molecules in the
dimer. The binding energy of the hydrogen bond was
calculated according to the equation given in ref. [15]:
Eb=0.5⋅V(ravg), where Eb is the binding energy of
interatomic interaction, and V(ravg) is the potential
energy density at the corresponding critical point.

Tab le  2
Values of binding energies and potential energy density at

the critical point (3;–1) for dimers [H2O⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅H2O] and
[H2O⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅H3O+]

Eb, kJ/mol V(ravg), 
Hartree atomic units Dimer 

PCM SMD PCM SMD 
H2O⋅⋅⋅H2O] –28.16 –30.24 –0.021452 –0.023033 
H2O⋅⋅⋅H3O+] – –6.60 – –0.005025 
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The results of the calculations are summarized
in Table 2 and Figs. 8 and 9.

Calculations showed that in the [H2O⋅⋅⋅H2O] 
dimer, the binding energy for a hydrogen bond 
according to two polarization methods, PCM and 
SMD, is quite close: –28.16 and –30.24 kJ/mol, 
respectively. For comparison, the binding energy for 
the [H2O⋅⋅⋅H2O] dimer in a vacuum (i.e. excluding 
solvation effects) is –22.63 kJ/mol. On the H3–
O1–H2–O5 potential energy density plane, an 
intermolecular critical point (3;–1) is established, 
where the electron density gradients ρ(r) are zero 
(shown in green in figures). The optimized 
hydrogen bond length for the [H2O⋅⋅⋅H2O] dimer 
was 1.856   .

For the [H2O⋅⋅⋅H3O+] dimer, the value of the 
binding energy for a hydrogen bond using the SMD 
method was –6.60 kJ/mol with a bond length of

2.370    (Fig. 9). In the approximation of the PCM 
polarization continuum model, the formation of a 
hydrogen bond is not found: no minimum is recorded 
on the H3–O1–H2–O5 potential energy density plane. 
Calculations in a vacuum also showed the impossibility 
of forming a hydrogen bond in the [H2O⋅⋅⋅H3O+] 
dimer. Calculations using the universal SMD solvation 
model showed that the addition of a proton to a water 
molecule leads to a decrease in the negative effective 
charge on the oxygen atom involved in the formation 
of a hydrogen bond from –0.626 to –0.142 unit of 
electron charge. It is also important to note that in 
the dimer [H2O⋅⋅⋅H3O+], there is a violation of linearity 
among the –Î⋅⋅⋅Í–Î– atoms and the length of the 
hydrogen bond increases. All these changes in the 
electronic structure of the water dimer after the addition 
of a proton leads to a 4.6-times decrease in the binding 
energy of the hydrogen bond.

Fig. 8. Calculation results of the optimized state for the dimer [H2O⋅⋅⋅H2O]: (a) – optimized 3d model, and (b) – molecular

graph with potential energy density surface in the H3–O1–H2–O5 plane

Fig. 9. Calculation results of the optimized state for the [H2O⋅⋅⋅H3O+] dimer: (a) – optimized 3d model, and (b) – molecular

graph with the potential energy density surface in the H3–O1–H2–O5 plane

a b

a b
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ÏÑÅÂÄÎÊÀÒÀË²ÒÈ×ÍÅ ÏÐÈÑÊÎÐÅÍÍß
Ã²ÄÐÎÒÅÐÌ²×ÍÎÃÎ ÂÈËÓÃÎÂÓÂÀÍÍß ÀÌ²ËÎÇÈ Ç
ÊÐÎÕÌÀËÞ Â ÊÈÑËÈÕ ÑÅÐÅÄÎÂÈÙÀÕ

Â.Ä. Ìèðãîðîäñüêà-Òåðåíòüºâà, Ì.Â. Í³êîëåíêî, ².Â. Ñêíàð,
ª.Ñ. Îñîê³í, Î.Â. Ïðèëîâñüêèé, Î.Â. Âîëíÿíñüêà,
Ì.Î. Ìèðîíÿê

Ç ìåòîþ âñòàíîâëåííÿ çàêîíîì³ðíîñòåé âïëèâó êèñ-
ëîòíîñò³ ðîç÷èí³â íà åôåêòèâí³ñòü âèëóãîâóâàííÿ àì³ëîçè ç
êðîõìàëþ çä³éñíåí³ ê³íåòè÷í³ äîñë³äæåííÿ çà òåìïåðàòóð
60–700Ñ ç âèêîðèñòàííÿì áóôåðíèõ ðîç÷èí³â ç ðÍ 3–5.
Ïîêàçàíî, ùî ê³íåòè÷í³ äàí³ íàéêðàùå îïèñóþòüñÿ ìîäåë-
ëþ Êðþãåðà-Öèãëåðà. Âñòàíîâëåíî, ùî ç³ çìåíøåííÿì ðÍ
ðîç÷èí³â â³ä 5,0 äî 3,0 åíåðã³ÿ àêòèâàö³¿ ïðîöåñó âèëóãîâó-
âàííÿ àì³ëîçè çíèæóºòüñÿ â³ä 185 äî 22 êÄæ/ìîëü, à ¿¿
çàëåæí³ñòü â³ä êîíöåíòðàö³¿ ³îí³â âîäíþ îïèñóºòüñÿ äâîìà
ë³í³éíèìè ä³ëÿíêàìè â ³íòåðâàëàõ ðÍ 3,0–3,3 òà 3,6–5,0.
Åôåêò çíèæåííÿ åíåðã³¿ âîäíåâîãî çâ’ÿçêó ïðè ïðèºäíàí³
äîäàòêîâîãî ïðîòîíà äî ìîëåêóëè âîäè ïðîäåìîíñòðîâàíî
êâàíòîâî-õ³ì³÷íèì ìîäåëþâàííÿì ç âèêîðèñòàííÿì ïðî-
ãðàìè Gaussian 09. Ïîêàçàíî, ùî ïðîòîíèçàö³ÿ ìîëåêóëè
âîäè ïðèçâîäèòü äî çíèæåííÿ åôåêòèâíîãî çàðÿäó íà àòîì³
êèñíþ ç –0,626 äî –0,142 îä. çàð. å. Ïðè öüîìó ïîðó-
øóºòüñÿ ë³í³éí³ñòü âîäíåâîãî çâ’ÿçêó âçäîâæ àòîì³â
–Î⋅⋅⋅Í–Î–, äîâæèíà âîäíåâîãî çâ’ÿçêó çá³ëüøóºòüñÿ ç
1,856 äî 2,370 Å, à åíåðã³ÿ çâ’ÿçóâàííÿ çìåíøóºòüñÿ â 4,6 
ðàç³â. Òàêèì ÷èíîì, ³îíè âîäíþ ìîæíà ðîçãëÿäàòè ÿê ñâîº-
ð³äíèé ïñåâäîêàòàë³çàòîð ïðîöåñó âèëó÷åííÿ àì³ëîçè ç 
êðîõìàëüíèõ ãðàíóë, îñê³ëüêè çà ¿õ ïðèñóòíîñò³ çíèæóºòü-
ñÿ åíåðã³ÿ àêòèâàö³¿ ïðîöåñó òà ï³äâèùóºòüñÿ éîãî 
øâèäê³ñòü. Çðîáëåíî âèñíîâîê, ùî ïðîöåñ ã³äðîòåðì³÷íî-
ãî âèëóãîâóâàííÿ àì³ëîçè ç êðîõìàëþ ìîæíà ³íòåíñèô³êó-
âàòè â ðåçóëüòàò³ éîãî ïðîâåäåííÿ â êèñëèõ ñåðåäîâèùàõ 
áåç äîäàòêîâîãî íàãð³âàííÿ êðîõìàëüíèõ ñóñïåíç³é.

Êëþ÷îâ³ ñëîâà: àì³ëîçà, âèëóãîâóâàííÿ, ð³âíÿííÿ
Êðþãåðà-Öèãëåðà, åíåðã³ÿ àêòèâàö³¿, âîäíåâèé çâ’ÿçîê.
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Kinetic studies were conducted at 60–700C using buffer 
solutions with pH 3–5 to establish the effect of solution acidity 
on the efficiency of amylose leaching from starch. It was shown 
that the kinetic data are well described by the Kruger-Ziegler 
model. It was established that as the pH of the solutions decreases 
from 5.0 to 3.0, the activation energy of amylose leaching process 
decreases from 185 to 22 kJ/mol, and its dependence on hydrogen 
ion concentration is described by two linear segments within the 
pH ranges of 3.0–3.3 and 3.6–5.0. The effect of reducing the 
hydrogen bond energy upon addition of an additional proton to 
the water molecule was demonstrated through quantum-chemical 
modeling using the Gaussian 09 software. It was shown that 
protonation of the water molecule leads to a decrease in the 
effective charge on the oxygen atom from –0.626 to –0.142 unit 
of electron charge. At the same time, the linearity of the hydrogen 
bond along the –Î⋅⋅⋅Í–Î– atoms is violated, the length of the 
hydrogen bond increases from 1.856 to 2.370 Å, and the 
binding energy decreases by 4.6 times. Thus, hydrogen ions 
can be considered as a kind of pseudo-catalyst for the process of 
amylose leaching from starch grains, since in their presence the 
activation energy of the process decreases and its rate increases. 
It was concluded that the process of hydrothermal leaching of 
amylose from starch can be intensified by carrying it out in 
acidic media without additional heating of starch suspensions.

Keywords: amylose; leaching; Kruger-Ziegler equation;
activation energy; hydrogen bond.
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