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The possibilities of heat treatment of starch have not yet been fully utilized. The fact is

that thermal treatment of starches can produce not only «split» starches, but also «cross-

linked» starches, in which polycarbohydrate molecules are additionally bound by ether

bonds. The latter can be formed by condensation of polycarbohydrate hydroxyl groups

during starch heating without the use of additional chemical reagents. It has been suggested

that the content of hydrate water in dry starch is an important factor because it can

correlate with the number of intermolecular essential links of polycarbohydrate chains.

Therefore, the purpose of the research is to determine the dependence of the viscosity of

the paste solutions on the degree of initial humidity and the temperature of the heat

treatment of starch. Studies have shown that there is a linear correlation between the

kinematic viscosity of starch solutions and the hydrated water content in starch. The

dependence of the viscosity of native starch paste solutions on the heat treatment

temperature has the form of a convex curve, whereas for vacuum starch this dependence

has the form of a rapidly declining exponential curve. It has been shown for the first time

that preliminary vacuum dehydration of starch allows for a significant reduction in the

temperature and time of starch dextrinization. FTIR studies of dehydrated starch spectra

show a decrease in the number of intermolecular hydrogen bonds, which may be the

main reason for the acceleration of their thermal degradation compared to starches with

a higher degree of moisture.
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Introduction
Starches are the most common

polycarbohydrates in the plant world after cellulose.
They are used in the food, pulp and paper, textile,
pharmaceutical industries, in the construction industry,
in the production of packaging materials and disposable
tableware [1]. Native starch has limited application
primarily due to disadvantages such as low solubility

and instability of paste solutions. Modified starches
are used to overcome these limitations [2,3].

The method of modifying starch by heat
treatment, known as dextrinization or pyroconversion,
has become widespread, the essence of which is the
dry heating of native starches in the presence or
absence of catalysts. This modification method allows
for the production of «split» starches, starches with a
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lower molar mass of polycarbohydrates due to their
depolymerization. It is known that when starches are
heated, the first stage is a dehydration process, which
begins immediately when the temperature only rises
and ends at approximately 100–1100C [4]. As a rule,
it is believed that the dehydration process does not
affect the subsequent thermal decomposition of starch,
since all water evaporates before its decomposition
begins [5,6].

The second stage of starch weight reduction begins
at a temperature of 2000C and ends at approximately
3500C. It has been proven that polycarbohydrates not
only break down into oligomers, but also chemically
transform in the atmosphere to form water, carbon
oxides, acetaldehyde, methane, and furans [7]. It
should be noted that the efficiency of the starch
dextrinization process depends not only on the
temperature, but also on the duration of heat treatment.
For example, during short-term heat treatment
(15–20 min), dextrinization processes are carried out
at temperatures above 2000C, while dextrinization at
temperatures of 120–1300C is carried out for at least
2.5 hours.

In our opinion, the possibilities of heat treatment
of starch have not yet been fully utilized. The fact is
that by heat treatment of starches, it is also possible
to obtain not only «split» but also «cross-linked»
starches, in which polycarbohydrate molecules are
additionally linked by ether bonds. The latter can be
formed by the condensation of hydroxyl groups of
hydrocarbons during the heating of starch without
the participation of additional chemical reagents.
Obviously, for this it is necessary to carry out heat
treatment in such a way as not to initiate the processes
of destruction of polymer chains of saccharides.

This hypothesis is based on the results of studies
of starches using FTIR spectroscopy during their
thermal treatment [8]. Based on the analysis of changes
in the content of water, OH groups, and ether bonds
during heating of starches, it was concluded that the
condensation reaction between the OH groups of starch
polycarbohydrates occurs in a wide temperature range.
This is explained by the gradual involvement of new
hydroxyl groups in the esterification reaction, which
were initially unavailable for interaction, but over time
acquire such properties due to conformational changes
in amylose and amylopectin macromolecules during
heating. According to the results of FTIR spectroscopy
of starches, it can be assumed that the content of
hydration water in dry starch is an important factor,
since it can correlate with the number of intermolecular
ester bonds between polycarbohydrate molecules.

It is obvious that the difference in the properties
of split and cross-linked starches is easiest to

demonstrate by comparing the viscosity of their paste
solutions. According to the data of the authors [9,10],
who studied the rheological properties of starch pastes,
the lower the degree of amylose polymerization, the
lower the viscosity of the paste under other equal
conditions, namely: concentration, temperature, shear
rate, etc. Studies of the dependence of the dynamic
viscosity of hot pastes on their shear rate [11] showed
that the viscosity of pastes of heat-treated starches
depends on the conditions of heat treatment and
increases in the sequence: heat-treated starch in the
presence of an acid catalyst (decomposed starch), native
starch, heat-treated starch without a catalyst (cross-
linked starch). These patterns were explained by the
difference in the degree of polymerization of starch
polycarbohydrates, but the reasons for such differences
have not been studied in detail.

Therefore, the purpose of this study is to
determine the dependence of the viscosity of pastes
on the degree of initial moisture content and the
temperature of heat treatment of starch. The study of
the regularities of starch modification processes through
its thermal and vacuum dehydration and the study of
the properties of their paste solutions, namely their
viscosity, is of undoubted scientific and practical
importance.

Experimental

The experiments used top-grade potato starch
(Ukrainian state standard DSTU 4286:2004) with a
mass fraction of moisture of 15.9%. The moisture
content of starch samples was determined in
accordance with the state standard GOST 7698-93
«Starch. Acceptance rules and methods of sampling»
by drying to constant weight.

For vacuum dehydration, starch was placed in a
vacuum flask and connected to a vacuum pump.
Starches were kept under a vacuum of
0.06–0.08 MPa at room temperature for 6–10 hours.
Samples with different heat treatment temperatures
were prepared from native and vacuum-treated starches.
For this purpose, the starches were spread in a thin
layer in a drying oven and heated to a selected
temperature in the range of 40–1600C at a rate of
100C/min. The starches were heated for 2.5 hours
(the time was started from the moment the set
temperature was reached in the drying oven). The
paste solutions were prepared from the obtained samples
according to the standardized method and measured
their kinematic viscosity.

To produce paste solutions up to 100 ml of
distilled water heated in a water bath up to 750Ñ,
added when stirring 1.00 g of starch. The suspension
was kept for one hour under stirring, and then cooled
to room temperature and settled. The solution above
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the sediment was used to measure kinematic viscosity
using an Ostwald capillary viscometer. Viscosity
measurements were performed at least 5 times, and
the average value, confidence interval, and relative
standard deviation were calculated. Its value for all
measurements performed did not exceed 2% on average,
which indicates a sufficient degree of reproducibility
of measurements.

FTIR spectra were collected in a Nicolet 380
FTIR spectrometer employed with single reflection
Attenuated total reflectance (ATR) cell – Golden Gate
with solid diamond enabling spectra collection in the
temperature range of 50–2500C. To refer intensity to
the same optical density, the dynamometric limiter
of the ATR cell was adopted to ensure that the pressure
applied to the diamond crystal through the sample
was the same in each measurement. FTIR spectra of
starches were recorded during heating of samples from
50 to 2500C with a heating rate of 40C/min. For the
purpose of maximum dehydration, a sample of starch
before spectroscopic studies was kept in a vacuum
with a residual pressure of no more than 10–5 mm Hg
for 12 hours at a temperature of 500C. The vacuum
was created using a turbomolecular pump paired with
a forevacuum pump.

Results and discussion

Spectroscopic studies of starches with different
degrees of moisture

Thermal transformations of starch are a set of
reactions, and it is obvious that the transformation
routes and reaction rate constants may depend on
such parameters as the heating rate, the degree of
starch crystallinity, and the presence of catalysts, acids,
alkalis, or salts. It can be assumed that such factors
include hydrated water, as it can be a participant in
the chemical transformations of polycarbohydrates.
From this point of view, the patterns of chemical
transformations of native and dehydrated starches
during their heat treatment may differ significantly.
Therefore, it was of interest to conduct spectroscopic
studies of starches directly during the heating process
in order to compare their FTIR spectra and determine
the temperature range in which similarity of their
spectral characteristics is observed.

Figure 1 shows the FTIR spectra of dehydrated
potato starch, recorded during its heating in the
temperature range of 50–2500C. Similar data for native
potato starch were published elsewhere [8]. Comparison
of the spectra showed that the main difference is
observed for the absorption band in the range of
4000–3000 cm–1. As is known, this band in the FTIR
spectra of starches characterizes the vibrations of both
water molecules and hydroxyl groups of
polycarbohydrates. They are characterized by three

types of vibrations: symmetrical and asymmetrical
vibrations of the O–H bond atoms with wave numbers
at ~3700 and ~3600 cm–1, and vibrations of hydrogen
atoms with a change in the ∠HOH angle at
~1600 cm–1. As can be seen from Fig. 1, the peak at
1600 cm–1 is completely absent from the spectra,
which indicates the absence of water in the starch
sample under study. Due to the absence of water in
starch, the absorption band at 4000–3000 cm–1 is
due to vibrations of only the OH groups of starch
polycarbohydrates.

For better data detailing, Figures 2 and 3 show
fragments of FTIR spectra for the studied starches in
the wave number range of 3800–3200 cm–1. In the
case of native starch with an increase in temperature,
the intensity of this absorption strip continuously

Fig. 1. FTIR spectra of dehydrated potato starch heated from

500C (bottom line) up to 2500C (upper line) in 49.25 min

Fig. 2. Fragment of FTIR spectra of native starch heated from

500C (bottom line) up to 2500C (upper line) in 49.25 min
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increases and gradually shifts to the left along the axis
of wave numbers. The same pattern is observed for
dehydrated starch, but only up to a temperature of
1600C (Fig. 3). With further heating of the starch,
the intensity of the absorption band of OH groups
continues to increase, but its maximum ceases to
shift along the axis of wave numbers.

The shift of the band maxima in the range of
3800–3000 cm–1 is generally accepted to be explained
by a change in the polarization effect on the OH
groups of their molecular environment during the
heating of starch. It is known, for example, that the
vibration frequencies of atoms in OH groups depend
on their participation in hydrogen bonds. The stronger
such bonds, the more the absorption band shifts to
the low-wave region of the spectrum. Therefore, the
continuous shift of the absorption band in Fig. 2 to
the high-wave side of the spectrum during the heating
of starch indicates a decrease in the number of OH
groups linked by hydrogen bonds. Obviously, the
absence of such a shift upon reaching a temperature
of 1600C indicates the complete destruction of hydrogen
bonds between the OH groups of the polycarbohydrates
of dehydrated starch.

Thus, up to a temperature of 1600C, both studied
starches show identical spectral characteristics, which
allows us to conclude that the patterns of their chemical
transformations during heat treatment are similar.

Viscosity of starch pastes
As is known, the viscosity of starch pastes is due

to the ability of amylose macromolecules dissolved in
water to form a three-dimensional grid with the
participation of hydrogen bonds. The degree of viscosity

is also affected by the swollen shells (so-called sacs)
of starch granules, which consist of amylopectin. It is
obvious that comparing the viscosity of paste solutions
for native and modified starches requires standardization
of their pasteification process, that is, conducting the
process under identical conditions. To compare the
properties of pastes, we chose a method for obtaining
«amylose» pastes, that is, pastes without inclusions of
starch granule shells.

Figure 4 presents the results of kinematic viscosity
measurements for paste solutions of native starch (with
a moisture content of 15.9%) and vacuum-dehydrated
starch (with a moisture content of 7.6%). Starches
were first subjected to heat treatment in the range of
40–1600C for 2.5 hours, and then paste solutions
were prepared from the obtained samples.

The dependence of the kinematic viscosity of
paste solutions of native starch on the heat treatment
temperature has the form of a convex curve: up to the
isothermal holding temperature of starch of 600C, the
viscosity of the paste monotonically increases, and
with a further increase in temperature it monotonically
decreases. It can be concluded that heat treatment of
native starch above 600C reduces the degree of
polymerization of starch polymers, which makes them
more soluble in water and, accordingly, reduces the
viscosity of pastes.

Unlike native starch pastes, there is no maximum
in the dependence of the viscosity of vacuum-modified
starch pastes on the temperature of its heat treatment
(Fig. 4, curve 2). Reducing the moisture content of
starch before its heat treatment not only changes the
nature of the dependence of the viscosity of their
pastes on the heat treatment temperature, but also
leads, under the same conditions, to much faster

Fig. 3. Fragment of FTIR spectra of dehydrated potato starch

heated from 500C (bottom line) up to 2500C (upper line) in

49.25 min. The fat line shows the spectrum at a temperature

of 1590C. The arrow shows the maximum of the absorption

strip at a temperature of 500C

Fig. 4. Comparison of the kinematic viscosity of paste

solutions of native (1) and vacuum-modified starch (2) with

the temperature of heat treatment of starches for 2.5 hours
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dextrinization of starch. Already at a heat treatment
temperature of 400C, vacuum-modified starch pastes
are characterized by lower viscosity than native starch
pastes. This pattern indicates the significant role of
hydration water in the processes of starch dextrinization:
the lower the initial moisture content of starch, the
faster its thermal destruction occurs.

From a practical point of view, it is interesting
to compare the viscosity of vacuum-modified starch
pastes with their content of hydrated water for a wider
range of samples. To conduct such research, we
prepared starch samples with varying vacuuming time.
Measurements of the degree of humidity showed that
the content of hydration water in the obtained samples
is 3.9, 4.6 and 10.1%. The results of comparing the
viscosity of starch pastes with the degree of their
moisture content are shown in Fig. 5. This dependence
can be described by a linear correlation with a fairly
large correlation coefficient R2=0.9677.

Extrapolation of the established dependence
shows that reducing the starch moisture content, for
example, to 1%, will allow obtaining pastes with a
viscosity of 245 mm2/s, which is 2.5 times higher
than the viscosity of native starch paste. It should be
noted that the indicated viscosity values characterize
pastes obtained by adding 1.00 g of starches per
100 ml of water at a temperature of 750C with
subsequent separation of the amylopectin shells of
starch granules from the precipitate. It is obvious that
with the increase in the concentration of starch and
temperature and without the separation of the starch
shells it is possible to obtain pastes with much larger
viscosity values.

Conclusions

The dependence of the viscosity of starch

solutions on the content of hydration water in starch
and the temperature of its heat treatment has been
experimentally proven. The dependence of the
kinematic viscosity of paste solutions of native starch
on the heat treatment temperature has the form of a
convex curve, which can be explained by the
competition of two processes: intermolecular
polymerization of amylose and its destruction into
oligomers with a lower molar mass. The dependence
of the kinematic viscosity of the paste solution of
vacuum starch has the appearance of a rapidly falling
exponential curve. It has been shown for the first
time that preliminary vacuum dehydration of starch
allows for a significant reduction in the temperature
and time of starch dextrinization, which can lead to a
significant economic effect when implementing the
proposed modification method in the production of
dextrins. This pattern indicates the significant role of
hydration water in the processes of starch dextrinization:
the lower the initial moisture content of starch, the
faster its thermal destruction occurs.

Studies of FTIR spectra of native and vacuum
dehydrated starches showed their similarity only up
to a heating temperature of 1600C. If for native starch
with an initial moisture content of 15.9% the
absorption band of OH bonds in the range of
3800–3200 cm–1 continuously shifts along the wave
number axis with an increase in temperature from
50 to 2500C, then for dehydrated starch (with an
initial moisture content of 7.6%) such a shift occurs
only up to a temperature of 1600C. With further heating
of this starch, the intensity of the absorption band of
OH groups continues to increase, but its maximum
ceases to shift along the wave number axis. Such
patterns can be explained by changes in the number
of OH groups of starch polymers involved in the
formation of hydrogen bonds. Apparently, the decrease
in the number of hydrogen bonds between
polycarbohydrate molecules is the main reason for
the acceleration of their thermal destruction compared
to starches with a higher degree of moisture.
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Ìîæëèâîñò³ òåðì³÷íîãî îáðîáëåííÿ êðîõìàëþ äîòå-
ïåð íå âèêîðèñòîâóþòüñÿ ïîâíîþ ì³ðîþ. Ð³÷ â òîìó, ùî
òåðì³÷íèì îáðîáëåííÿì êðîõìàë³â ìîæëèâî îäåðæàòè íå
ò³ëüêè «ðîçùåïëåí³», àëå ³ «çøèò³» êðîõìàë³, â ÿêèõ ìîëå-
êóëè ïîë³ñàõàðèä³â äîäàòêîâî çâ’ÿçàí³ åô³ðíèìè çâ’ÿçêà-
ìè. Îñòàíí³ ìîæóòü óòâîðþâàòèñü çà ðàõóíîê êîíäåíñàö³¿
ã³äðîêñèëüíèõ ãðóï ïîë³ñàõàðèä³â ï³ä ÷àñ íàãð³âàííÿ
êðîõìàëþ áåç ó÷àñò³ äîäàòêîâèõ õ³ì³÷íèõ ðåàãåíò³â. Áóëî
âèñêàçàíî ïðèïóùåííÿ, ùî âì³ñò ã³äðàòíî¿ âîäè ó ñóõîìó
êðîõìàë³ º âàæëèâèì ôàêòîðîì, îñê³ëüêè â³í ìîæå êîðå-
ëþâàòè ç ê³ëüê³ñòþ ì³æìîëåêóëÿðíèõ åô³ðíèõ çâ’ÿçê³â ïî-
ë³ñàõàðèäíèõ ëàíöþã³â.  Òîìó ìåòîþ äîñë³äæåíü îáðàíî
âèçíà÷åííÿ çàëåæíîñò³ â’ÿçêîñò³ êëåéñòåðíèõ ðîç÷èí³â â³ä
ñòóïåíþ ïî÷àòêîâî¿ âîëîãîñò³ òà òåìïåðàòóðè òåðì³÷íî¿ îá-
ðîáêè êðîõìàëþ. Äîñë³äæåííÿ ïîêàçàëè, ùî ì³æ ê³íåìà-
òè÷íîþ â’ÿçê³ñòþ êðîõìàëüíèõ ðîç÷èí³â ³ âì³ñòîì â
êðîõìàë³ ã³äðàòíî¿ âîäè ñïîñòåð³ãàºòüñÿ ë³í³éíà êîðåëÿö³ÿ.
ßêùî çàëåæí³ñòü â’ÿçêîñò³ êëåéñòåðíèõ ðîç÷èí³â íàòèâíî-
ãî êðîõìàëþ â³ä òåìïåðàòóðè òåðìîîáðîáëåííÿ ìàº âèä
âèïóêëî¿ êðèâî¿, òî äëÿ âàêóóìîâàíîãî êðîõìàëþ òàêà çà-
ëåæí³ñòü ìàº âèä øâèäêî ñïàäàþ÷î¿ åêñïîíåíö³àëüíî¿ êðè-
âî¿. Äîñë³äæåííÿ FTIR ñïåêòð³â çíåâîäíåíîãî êðîõìàëþ
ïîêàçàëè çìåíøåííÿ ê³ëüêîñò³ ì³æìîëåêóëÿðíèõ âîäíåâèõ
çâ’ÿçê³â, ùî ìîæå áóòè îñíîâíîþ ïðè÷èíîþ ïðèñêîðåííÿ
¿õ òåðì³÷íîãî ðóéíóâàííÿ ïîð³âíÿíî ç êðîõìàëÿìè ç âè-
ùèì ñòóïåíåì âîëîãîñò³.

Êëþ÷îâ³ ñëîâà: òåðì³÷íå îáðîáëåííÿ êðîõìàëþ,
äåã³äðàòàö³ÿ êðîõìàëþ, äåêñòðèí³çàö³ÿ, âàêóóì, FTIR
ñïåêòðè, åô³ðíèé çâ’ÿçîê, àì³ëîçíèé êëåéñòåð.
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The possibilities of heat treatment of starch have not yet
been fully utilized. The fact is that thermal treatment of starches
can produce not only «split» starches, but also «cross-linked»
starches, in which polycarbohydrate molecules are additionally
bound by ether bonds. The latter can be formed by condensation
of polycarbohydrate hydroxyl groups during starch heating without
the use of additional chemical reagents. It has been suggested
that the content of hydrate water in dry starch is an important
factor because it can correlate with the number of intermolecular
essential links of polycarbohydrate chains. Therefore, the purpose
of the research is to determine the dependence of the viscosity of
the paste solutions on the degree of initial humidity and the
temperature of the heat treatment of starch. Studies have shown
that there is a linear correlation between the kinematic viscosity
of starch solutions and the hydrated water content in starch. The
dependence of the viscosity of native starch paste solutions on
the heat treatment temperature has the form of a convex curve,
whereas for vacuum starch this dependence has the form of a
rapidly declining exponential curve. It has been shown for the
first time that preliminary vacuum dehydration of starch allows
for a significant reduction in the temperature and time of starch
dextrinization. FTIR studies of dehydrated starch spectra show a
decrease in the number of intermolecular hydrogen bonds, which
may be the main reason for the acceleration of their thermal
degradation compared to starches with a higher degree of moisture.

Keywords: heat treatment of starch; starch dehydration;
dextrinization; vacuum; FTIR spectra; airwave communication;
amylose paste.
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