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Abstract. This research examines the rheological and
density properties of starch-based compositions with
variable ratios of components, focusing on potato and corn
starches. Using glycerol as a plasticizer, the study evaluates
the impact of concentration, starch content, and thermal
conditions on the density, rheological, and structural
behavior of the compositions. A simplex lattice method was
employed to derive empirical models predicting the
performance of these systems under diverse processing
parameters. Results reveal significant differences between
the structural properties of potato and corn starch-based
materials, emphasizing the potential of these compositions
in developing biodegradable products. The results provide
actionable guidance for optimizing starch-based materials
in food technology, packaging, pharmaceuticals, and
environmentally sustainable manufacturing.
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1. Introduction

Starch is a mixture of plant-derived polysa-
ccharides that plays an important role in various industrial
sectors, including food, pharmaceuticals, and packaging.
It is obtained from accessible renewable sources such as
corn, wheat, potatoes, rice, and others.*2 Chemically,
starch consists of amylose and amylopectin, whose
combination determines its specific properties.’3

Starches of different botanical origins exhibit
considerable variation in their characteristics. For
example, potato starch demonstrates a high gelation
capacity when interacting with water under heat, and upon
cooling, its solutions show a low gelatinization
temperature and reduced fluidity. In contrast, corn starch

yields more fluid solutions and demonstrates higher
mechanical stability and greater thermal resistance.4->

During thermal processing in water, starch
undergoes structural transformations that influence its
properties. These include granule disruption and
gelatinization, resulting in decreased flowability and the
formation of gel-like structures. Upon cooling, gelatinized
starch-water compositions undergo retrogradation. Both
gelatinization and retrogradation significantly impact the
rheological behavior of starch-based systems.®’

The concentration of starch in water has a
pronounced effect on the rheological properties of these
systems. As concentration increases, flowability generally
decreases while plasticity increases, resulting in more
pronounced gel-like behavior. Temperature also plays a key
role by affecting both gelatinization and retrogradation of
starch.®

Starch-water compositions are frequently used as a
basis for biodegradable materials and are considered a
promising alternative to petroleum-based plastics. However,
native starch alone is not suitable for such applications due to
the limited functional performance of the resulting materials.®
To overcome this, starch must be processed thermally and
mechanically in the presence of water and plasticizers such
as glycerol®2, This treatment breaks down starch granules
and transforms the material into one that can be repeatedly
heated, molded, and cooled. *2

Glycerol plays a critical role in defining the properties
of biodegradable plastics based on starch-water mixtures. It is
commonly used as a plasticizer due to its low cost and high
efficiency in reducing hydrogen bonding.®11-1216 Higher
glycerol concentrations typically lead to increased fluidity,
which facilitates processing.® However, these changes also
affect the mechanical properties of the final product.
Specifically, higher glycerol content generally increases
flexibility and reduces brittleness.® Processing conditions
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such as temperature and shear rate further influence these
properties. Elevated temperatures and shear rates may
enhance glycerol’s plasticizing effect, thereby modifying
both the flowability of the composition and the mechanical
strength of the resulting material.”

The compatibility of plasticizers with starches of
different botanical origins is also critical. Incompatible
plasticizers may lead to phase separation, resulting in
heterogeneous materials with compromised mechanical
integrity and decreased flowability. °

Therefore, optimizing glycerol concentration along
with processing parameters is necessary for producing
starch-based biodegradable materials with desired
physical and mechanical characteristics.*36 Proper
selection of component ratios enables fine-tuning of
composition properties, which can serve as a foundation
for the development of biodegradable materials with
tailored functional behavior.94-514-15

This study aims to evaluate the extent to which the
composition of starch-water mixtures affects their
rheological properties and density, and to derive analytical
dependencies that incorporate temperature as a variable.

2. Experimental

2.1. Materials

The following components were used in the
experimental study.

To evaluate the influence of botanical origin on the
properties of starch-based aqueous compositions, highly
purified potato and corn starches (produced by AVHUST,
Ukraine) were selected. Potato starch has large, mostly
oval granules (typically ~15-100 um) with predominantly
B-type crystallinity and high swelling capacity; corn
starch has smaller, polygonal granules (~2-30 um) with
mainly A-type crystallinity and lower swelling power.2

Water was obtained by distillation using a standard
laboratory distiller, ensuring the absence of contaminants
and impurities that could affect the experimental results.
The water complied with laboratory-grade standards.

Pharmaceutical-grade glycerol with a purity of no
less than 99.7 % was used (produced by BASF, Germany).

All materials were stored in sealed containers at
room temperature.

2.2. Methods

The study aimed to establish functional depen-
dencies describing the properties of the compositions —
specifically, the form and parameters of the rheological
equation, as well as density — within defined component
concentration ranges at two temperatures: 30 °C and

60 °C for both starch types. These temperature values
were selected to reflect the temperature-dependent
variability of starch-based fluidity and to provide a clearer
understanding of compositional behavior for further
practical use. The selected temperatures correspond to
transformation ranges typical of starch compositions.

To determine the rheological characteristics and
density as functions of component concentration
combinations, the simplex lattice design by Scheffé¢ was
applied, which ensures a high approximation accuracy.®

The results were summarized as empirical models and
ternary diagrams, allowing for visual assessment of how
compositional variation influences the parameters under
study.

Six combinations of component concentrations (in
mass fractions) were selected for the experiments, as
shown in Table 1. These compositions were chosen based
on optimal structural integrity, processing conditions, and
equipment capabilities.

Table 1. Selected compositions for the experiment

No. Water (x1) Glycerol (x,) Starch (x3)
1 0.99 0 0.01
2 0.90 0.09 0.01
3 0.90 0 0.10
4 0.945 0.045 0.01
5 0.945 0 0.055
6 0.90 0.045 0.055

2.2.1. Sample Preparation

The components —water, glycerol, and starch—
were carefully weighed using a KERN 440-35A
laboratory balance (Germany). They were then pre-mixed
using a BOSCH MFQ3010 laboratory mixer (Germany)
in accordance with the component ratios specified in
Table 1.

The preparation of the mixtures was carried out in a
thermostated vessel at a temperature of 90°C for
60 minutes. To ensure homogeneity, continuous mixing at
1000 rpm was maintained using the laboratory mixer
throughout the process.

2.2.2. Rheological Characteristics
Measurement Procedure

Shear stress measurements were conducted using a
Reotest 2 rotational viscometer. Shear rates were varied
according to the instrument’s test protocol. The
measurement temperature was maintained by circulating
water of the required temperature through the viscometer
jacket in a closed-loop system with a thermostat. The
temperature inside the jacket was additionally monitored
using a built-in thermometer.
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To improve accuracy, each measurement was
repeated three times, and the final values were calculated
as the arithmetic mean.

2.2.3. Density Measurement Procedure

Density was measured using the gravimetric-
volumetric method. A graduated cylinder manufactured
by EximLab (Ukraine) with a capacity of 250 mL and a
measurement accuracy of 0.1 mL was used to determine
the volume of each sample. The mass of the sample was
determined using a KERN 440-35A laboratory balance
with an accuracy of 0.01g. All measurements were
conducted under stable temperature conditions.

Each density measurement was repeated ten times,
and the results were averaged to obtain the final values.
Density was calculated as the ratio of measured mass to
volume.

3. Results and Discussion

3.1. Rheological Characteristics

of Starch-Based Aqueous Mixtures
Considering Starch Botanical Origin
and Temperature

3.1.1. Potato Starch

Potato starch has amylose contents generally near
20-25% and amylopectin as the balance. Beyond
composition, its large, oval granules and B-type
crystallinity promote extensive swelling and facilitate the
formation of strong, hydrogen-bonded networks upon
heating and cooling.? These features explain the high
gelation capacity and the pronounced non-Newtonian
behavior observed in multicomponent aqueous systems
under shear and temperature change.

Figure 1 presents the shear stress versus shear rate
plots for mixtures containing potato starch at different
component concentrations, based on the formulations in
Table 1.

The experimental data were found to be well
approximated by a power-law function, in accordance
with the Ostwald — de Waele law:

t=kxy", @))
where 7 —shear stress, Pa; k — consistency index, Pa-s;
y —shear rate, s~ '; n — flow behavior index.

For the investigated compositions, the flow behavior
index ranged from n=0.464 to n=0.908, indicating that
the starch-based mixtures exhibited pseudoplastic behavior
throughout the studied concentration range.

The analysis results are summarized in Table 2,
which lists the parameters of Equation (1) for each
mixture and temperature condition.
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Potato starch’s large granules and high gelation
capacity, combined with its low gelatinization
temperature, contribute to the formation of a spatial
network during hydration. These factors reduce fluidity
and increase stability in systems with higher starch
concentrations. Glycerol and water, in turn, compete to
influence molecular interactions within the system.

Mixtures with high starch content, such as No. 3
and No. 6, exhibited notable structural stability, attributed
to the formation of three-dimensional networks through
hydrogen bonding between amylose and amylopectin
molecules. This is a typical feature of starch-based
aqueous systems, where increased starch content enhances
structural integrity."” For mixture No. 3, the consistency
index at 30 °C was nearly three times higher than at
60 °C, indicating a strong temperature dependence: as
temperature decreases, fluidity decreases, and non-
linearity becomes more pronounced. Mixture No. 6 also
demonstrated a temperature-dependent flow behavior,
although to a lesser extent than mixture No. 3.

Potato starch’s large granules and high gelation cap

Glycerol acts as an effective plasticizer for starch in
water, increasing fluidity. However, excessive reduction in
starch content (e. g., in mixture No. 1) leads to loss of
structural properties and increased flowability due to fewer
hydrogen bonds, consistent with earlier studies.'®” This
underscores the importance of achieving an optimal balance
between starch, glycerol, and water content to attain
desirable rheological characteristics.

The addition of glycerol affects mixture
properties.’®20 In mixture No. 5, consistency indices were
lower than observed in mixture No. 6, indicating that
glycerol increases fluidity by diluting the starch matrix
and weakening hydrogen bonding.

In systems with moderate starch, glycerol, and
water concentrations, such as mixtures No. 1 and No. 4,
the shear stress-shear rate relationship showed weaker
non-linearity than the other systems. This can be
attributed to the balance between structure formation and
destruction.

Raising the temperature reduces shear stress by
disrupting hydrogen bonds, while simultaneously
enhancing molecular mobility. This partially compensates
for the loss of structural integrity in high-starch systems.
The effect is more pronounced in systems with elevated
glycerol content.

In mixtures with low starch content, this transition
is less distinct, suggesting weaker structural resilience.

The flow behavior index n also changes with
temperature. Comparing values at 30°C and 60 °C
revealed an increase in n with temperature (e. g., mixture
No. 1: from n=0.685 at 30 °C to n=0.782 at 60 °C).
This suggests a decrease in pseudoplasticity, possibly due
to a shift toward a less structured system.
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Fig. 1. Shear stress versus shear rate for different compositions and temperatures for potato starch:
a — Mixture No. 1; b — Mixture No. 2; ¢ — Mixture No. 3; d — Mixture No. 4; ¢ — Mixture No. 5; f — Mixture No. 6

Table 2. Power-law model parameters for various compositions and temperatures (potato starch)

No At 60 °C At 30 °C
' k,Pa-s" n R? k,Pa-s" n R2
1 2.12-1072 0.782 0.992 5.72-1072 0.685 0.994
2 1.25-1072 0.801 0.996 5.36- 1072 0.681 0.995
3 22.1 0.512 0.998 575 0.464 0.991
4 8.44- 1073 0.908 0.997 2.78- 1072 0.761 0.998
5 7.81 0.575 0.991 14.9 0.517 0.993
6 8.43 0.526 0.999 16.3 0.505 0.995

Based on the coefficients in Table 2, ternary
diagrams were constructed (Fig. 2).

Analysis of the ternary diagrams suggests that
systems with high starch content form spatial lattice
structures that restrict the mobility of water and glycerol
molecules. This is supported by higher consistency index
values and aligns with the findings of other researchers.!”
The addition of glycerol disrupts this network, leading to
more fluid systems as indicated by reduced shear stress.'®
High water content (i. e., in low-starch systems)
contributes to weaker structures due to reduced hydrogen
bonding.

Compositions rich in starch exhibited significantly
higher consistency indices, explained by starch’s inherent
ability to form structured networks.?® Increased glycerol
content enhances fluidity due to its plasticizing effect,
which diminishes intermolecular interactions.?!

To expand the practical application of the findings,
empirical approximation equations (2)—(5) were develop-
ped to analytically describe the relationship between
composition and the parameters k and n:

— At60 °C:

ko) = —3.638 X x, + 68.91 X x5 + 4.165 X x% +

+1599 X x7 +316.6 X x, X x3 — 0.827  (2)
N(eo) = 5.729 X x, — 9.539 X x3 — 54.74 X x5 +
+59.48 x x? —59.54 X x, X x3 + 0.872  (3)

— At30°C:
k(30) = —8.448 X x, — 115.1 X x5 + 13.62 X xZ +

+6852 X x2 + 708.3 X x, X x5 + 0.523  (4)
n(go) = 3859 X Xy — 5553 X X3 - 3854’ X xzz +
+28.18 X x2 — 43.84 X x, X x5 + 0.7377  (5)

where ngoy — flow behavior index at 60 °C; k(o) —
consistency index at 60 °C, Pa‘s"; nq) — flow behavior
index at 30 °C; k 30y — consistency index at 30 °C, Pa-s™.
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Fig. 2. Ternary diagrams of power-law parameters for potato starch-based ternary mixtures:
a—k at60°C;b—nat60 °C;c—kat30°C;d—nat30°C

The derived equations closely approximate the
experimental data (correlation coefficients exceed 0.99 in
all cases) and can be reliably used in future applications.

These dependencies allow for accurate prediction
of the parameters of the rheological equation (1) and
provide reliable results for further practical application.

The results show that shear stress depends strongly
on component concentrations, temperature, and shear rate.
Glycerol significantly increases fluidity due to its
plasticizing effect, while higher starch content reduces
fluidity and enhances structural stability.

3.1.2. Corn Starch

Corn starch (normal, non-waxy) typically contains
~24-28 % amylose with the remainder amylopectin. Its
smaller, polygonal granules and predominantly A-type
crystallinity limit swelling relative to potato starch and
yield weaker, more easily disrupted networks in water.?
Consequently, corn-starch compositions tend to show
lower consistency indices and higher flow behavior index
under comparable conditions, with pseudoplasticity that is
readily modulated by plasticizer and temperature.

Fig. 3 presents the shear stress versus shear rate plots
for mixtures containing corn starch at various component
concentrations as described in Table 1. The data analysis
confirmed that these relationships are also well
approximated by the power-law model (Equation (1)),
indicating that corn-starch-based mixtures, like those with
potato starch, exhibit pseudoplastic behavior.

The analysis results are summarized in Table 3
which presents the parameters of Equation (1) for each
mixture at 30 °C and 60 °C.

In systems with low corn starch concentrations (e.
g., Mixture No. 1), the shear stress—shear rate
relationship demonstrates moderate non-linearity and
minimal temperature sensitivity. For instance, at 60 °C,
the flow behavior index is n =0.705, only 2.6 % higher
than n=0.686 at 30 °C. The consistency index at 30 °C
is k =2.79- 1072 Pa-s, which is more than 50 % higher
than the corresponding value at 60 °C. This suggests that
fluidity increases with temperature while weakening
starch-starch interactions.
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Fig. 3. Shear stress vs. shear rate for different compositions and temperatures for corn starch:
a— Mixture No. 1; b —Mixture No. 2; ¢ —Mixture No. 3; d — Mixture No. 4; e — Mixture No. 5; f — Mixture No. 6

Table 3. Power-law model parameters for various compositions and temperatures (corn starch)

No At 60 °C At 30 °C
' k, Pa-s" n R2 k, Pa-s" n R2
1 1.81-1072 0.705 0.994 2.79-1072 0.686 0.997
2 3.12-1072 0.654 0.998 3.31- 1072 0.657 0.996
3 19.0 0.396 0.995 50.6 0.421 0.997
4 7.01- 1073 0.857 0.998 1.45- 1072 0.795 0.991
5 2.42 0.453 0.991 2.80 0.497 0.997
6 2.38 0.479 0.996 3.14 0.483 0.996

Mixtures with moderate starch content, such as No.
6, exhibit more pronounced non-linearity in their flow
curves. For example, at 60 °C, the flow behavior index is
n=0.479, confirming the persistence of pseudoplastic
behavior even at elevated temperatures. This indicates that
the balance of starch, water, and glycerol in such systems
maintains a relatively stable degree of structure.

In mixtures with high starch and glycerol
concentrations (e. g., Mixture No. 3), a reduction in the
flow behavior index to n=0.396 at 60 °C is observed,
reflecting strongly pseudoplastic behavior. According to
previous research,? this is accompanied by a loss of
structural integrity at higher temperatures. The

consistency index also rises from k = 19.0 Pa-s" at 60 °C
to k =50.6 Pa-s" at 30 °C, indicating significant disruption
of hydrogen bonding. Temperature-induced structural
changes are closely linked to molecular rearrangement.

In systems with moderate glycerol content (e. g.,
Mixture No. 4), the plasticizing effect is more balanced.
A high flow behavior index of n=0.857 at 60 °C
suggests reduced non-Newtonian flow characteristics
while still preserving a certain degree of structural
organization.

Ternary diagrams in Fig.4 illustrate the
compositional dependence of corn starch rheological
parameters.
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Fig. 4. Ternary diagrams of power-law parameters for corn starch-based ternary mixtures:
a—kat60°C; b —nat60°C; ¢ —kat30°C; d —nat30°C

As in the case of potato starch, the results were
approximated using polynomial equations:

— At60°C:
koy = —0.504 X x, —173.9 X x3 + 8.718 X x5 +
3496 X xZ — 13.5 X x, X x5 + 1.407 (6)
Ny = 7.987 X x, — 8.722 X x3 —87.9 X x5 +
48.18 x x% + 62.8 X x, X x5 + 0.787 )

— At30°C:

k(zoy = —2.358 X x; — 660.6 X x5 + 7.903 X x% +

11113 x x2 + 170.5 X x, X x5 + 5.523 (8)

N(z0) = 5.778 X x, — 5.989 X x5 — 60.97 X x% +

27.6 X x2 — 60.77 X x, X x5 + 0.7432 9)

where ngo) — flow behavior index at 60 °C; k(o) —

consistency index at 60 °C, Pa-s"; n(zg) — flow behavior
index at 30 °C; k30y — consistency index at 30 °C, Pa-s™.

These equations describe the dependence of the

consistency index and flow behavior index on the

component concentrations. In all cases, the polynomial

models provided excellent approximation accuracy
(correlation coefficients above 0.99).

3.1.3. Comparative Analysis
of Rheological Behavior in Potato
and Corn Starch-Based Mixtures

Potato starch exhibits a higher capacity for structure
formation compared to corn starch. For example, in
Mixture No. 1 at 60 °C, the consistency index for potato
starch is k=2.12- 1072 Pa-s, while for comn starch it is
k=1.81-10"2 Pa-s» — approximately 17 % lower. This
indicates that potato starch provides greater structural
stability under elevated temperatures. The flow behavior
index also differs, with potato starch showing a higher
value (n=0.782 versus n=0.705), further confirming its
good ability to maintain non-Newtonian behavior. This
trend is primarily attributed to the higher amylose content
in potato starch, which facilitates the formation of more
hydrogen bonds and stronger intermolecular interactions.?®

In contrast, corn starch contains a greater
proportion of amylopectin, which leads to less stable,
more easily disrupted structures. This is reflected in the
generally lower consistency and flow behavior indices
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across most samples. For instance, in the high-starch
mixture No. 3 at 60 °C, the consistency index for corn
starch is k =19.0 Pa-s», while for potato starch it reaches
k=22.1Pa's" — around 16 % higher — highlighting the
stronger molecular network in potato starch-based
systems.

Glycerol acts as a plasticizer in both starch types,
increasing the fluidity of the mixtures. However, the
thinning effect of glycerol tends to be more pronounced in
corn starch systems, which are structurally weaker and
more susceptible to disruption. This suggests that corn
starch mixtures lose their structure more rapidly upon
glycerol addition, likely due to the lower density of
hydrogen bonds in amylopectin-rich matrices.

At the same time, in moderately concentrated
systems such as Mixture No. 2, potato starch shows a
lower consistency index (k = 1.25- 10~2 Pa-s) compared
to corn starch (k=3.12- 1072 Pa-s"), but a higher flow
behavior index (n = 0.802 versus n = 0.654). This implies
that potato starch more effectively preserves non-linear
flow characteristics and structural integrity in the presence
of glycerol.?’

Temperature has a significant effect on the
rheological parameters of both starch types, primarily due
to the breakdown of hydrogen bonds that maintain
molecular ordering and increased macromolecular
mobility.

For example, in Mixture No. 1 (corn starch),
raising the temperature from 30 °C to 60 °C leads to a
35 % decrease in consistency index (from k =2.79- 1072
to k=1.81- 1072 Pa-sn). For potato starch in the same
mixture, the consistency index drops from k =5.72- 1072
to k=2.12- 1072 Pa-s» — a 2.7-fold decrease. However,
despite a greater relative drop, the absolute value remains
higher for potato starch at 60 °C, indicating stronger
residual structuring.

In high-starch systems such as Mixture No. 3,
similar trends are observed: the flow behavior index for
corn starch increases slightly from n=0.421 (30 °C) to
n =0.396 (60 °C), while for potato starch it increases from
n=0.464 to n=0.512. This suggests that corn starch
maintains more pseudoplastic characteristics across the
studied temperature range, implying a higher thermal
resistance and better preservation of intermolecular
bonding under heat.?®

It should be noted that the general trend for both
starches is a decrease in k with increasing temperature. At
the same time, for all mixtures containing potato starch, a
clear pattern is observed whereby higher temperatures
correspond to lower values of k and higher values of n.
For corn starch, this relationship is less straightforward.
The values of k at the two investigated temperatures differ
substantially for the potato starch mixtures (the values at
30 °C, relative to those at 60 °C, differ by a factor of
1.91-4.29), and considerably less (by a factor of 1.06—
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2.66) for the corn starch mixtures. Therefore, a detailed
analysis of the rheological behavior should jointly
consider changes in both k and n.

3.2. Density of Starch-Based Aqueous
Mixtures Considering Starch Botanical
Origin and Temperature

Density is an important parameter that reflects the
structural organization of a system. In starch-based
aqueous compositions, density depends on several factors,
including botanical origin, temperature, concentration, and
the interactions of starch with other components (glycerol,
water).

3.2.1. Potato Starch

The measured density values of potato-starch-based
systems confirm a clear temperature dependence. In
general, density is higher at 30 °C than at 60 °C, consistent
with previous findings.® As temperature increases, thermal
expansion leads to weakened intermolecular interactions
and volume increase, thereby reducing density.

In  systems with  high starch  content
(MixturesNo.3 and 5), density decreases from
p = 1002 kg/m* (Mixture N0.3) to p = 977 kg/m* (Mixture
No.5) at 30°C—a 2.5% reduction. At 60 °C, density
decreases from p = 1007 kg/m*® (No. 3) to p =976 kg/m*
(No. 5), which corresponds to a 3.1 % reduction.

Systems with moderate or low starch content
(Mixtures No. 1, 2, 4, 6) show only slight changes in
density. For example, in Mixture No. 1, the density drops
from p =960 kg/m* at 30 °C to p = 956 kg/m* at 60 °C,
representing a minimal 0.42 % decrease.

Overall, starch concentration was found to be the
most significant factor affecting the density of the studied
systems. A consistent trend of slightly reduced density
with increasing temperature was observed across all
formulations.

The experimental results for density in potato-
starch-based mixtures were visualized using ternary
diagrams (Fig. 5). The diagrams clearly show that the
regions with higher density are concentrated in
composition zones with elevated starch content.

To describe the experimental data analytically, the
following polynomial equations were proposed:

— At60 °C:

Peo = 362.1 X x, +348.2 X x3 — 329.2 X x5 +
+1481 x x2 — 3621 X x, X x3 + 952.4

— At30°C:

P30 = 340.7 X x, + 192.6 X x3 — 329.2 X x5 +
+2963 X xZ — 2963 X x, X x3 + 957.8

(10)

(11)
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961,1
958,6
956,0

94 95 96 97 98
Water, %

a
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1 p, kg/m®

1007
1004
1002
999,0
9964
993,8
991,2
9886
986,0
9834
980,8
978,2
9756
973,0
9704
967,8
965,2
9626
960,0

9 91 92 93 94 95 96 97
Water, %

b

Fig. 5. Ternary diagrams of density for potato starch-based ternary mixtures:
a—at60 °C; b —at 30 °C

The proposed equations provided high appro-
ximation accuracy, with correlation coefficients not less
than 0.99.

3.2.2. Corn Starch

The density values obtained for corn-starch-based
mixtures (Table 7) demonstrate a similar temperature
dependence to that of potato starch, though with some
distinctions. Generally, density at 30 °C is slightly higher
than at 60 °C. However, in high-starch systems (Mixtures
No. 1-3), the decrease in density with temperature is
minor. For example, in Mixture No. 3, the density changes
from p=1010kg/m*> at 30°C to p=1008 kg/m® at
60 °C —a variation of just 0.2%. For systems with
moderate starch content (Mixtures No. 4-6), temperature-
induced changes in density are similarly limited. In
Mixture No. 5, for instance, density drops from

1 p, kg/m®

1009
1006
1003
1001
997,7
994,8
992,0
989,2
986,3
9835
980,7
977.8
975,0
972,2
969,3
966,5
963,7
960,8
958,0

93 94 95 96 97 98
Water, %

a

p =989 kg/m? at 30 °C to p = 986 kg/m?® at 60 °C, which
corresponds to a 0.3 % reduction. This indicates that corn
starch systems are generally less sensitive to thermal
expansion in terms of volumetric properties.

The results for corn starch-based compositions
were visualized using ternary diagrams (Fig. 6), providing
a clear overview of how density varies with composition
and temperature.

The observed relationships were described using
polynomial equations as follows:

— at60 °C:

Peo = 411.5 X x, + 705 X x5 — 2634 X x% —

—1273 x x2 — 8560 X x, X x3 +951.1  (12)
— at30°C:
P30 = 497.8 X x, + 776.7 X x3 — 3457 X xZ —
—1922 X x2 — 7243 X x, X x3 + 952.4  (13)

1 p, kg/m®

1011
1008
1005
1003
999,7
996,8
994,0
991,2
988,3
985,5
982,7
979,8
977,0
974,2
9713
968,5
965,7
962,8
960,0

94 95 9 97
Water, %

b

Fig. 6. Ternary diagrams of density for corn starch-based ternary mixtures:
a —at60 °C; b —at30°C
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The polynomial models demonstrated excellent
approximation accuracy, with minimum correlation
coefficients of 0.99.

3.2.3. Comparative Analysis
of Density in Potato
and Corn Starch-Based Systems

Compared to potato-starch-based systems, those
made with corn starch exhibited smaller regions of high
density in the ternary composition diagrams.

Both types of starch demonstrated a decrease in
density with increasing temperature, but the extent of the
decrease differed. In high-concentration systems, the
average density reduction for potato starch was around
0.3-0.5 %, while for corn starch it ranged from 0.5-0.7 %.
This suggests that corn starch-based mixtures are
somewhat more sensitive to temperature, likely due to
differences in molecular organization and composition.

The derived analytical equations enable accurate
prediction of density based on component ratios (within
the investigated ranges) and temperature, making them an
effective tool for process optimization in industrial
applications.

4. Conclusions

Starch-based aqueous mixtures formulated with
potato and corn starch conform to similar rheological
laws, yet they exhibit distinct differences in their
rheological properties. These differences are primarily
dictated by their chemical composition — particularly the
polysaccharide ratio — and by structural characteristics.

Under identical concentrations and temperature
conditions, potato starch mixtures generally exhibit higher
shear stress values than those based on corn starch. This is
due to the higher amylose content in potato starch, which
increases  hydrogen  bonding and  strengthens
intermolecular interactions.

Corn starch mixtures, on the other hand, are richer
in amylopectin, which leads to the formation of less stable
structures that are more prone to breakdown. This is
reflected in the less pronounced non-linear rheological
behavior and greater flowability (i. e., greater fluidity).

The effect of glycerol as a plasticizer also differs
between the two starch types. In potato starch mixtures,
glycerol moderately enhances flowability, and the systems
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retain residual structure even at high glycerol
concentrations. In contrast, corn starch mixtures exhibit a
much stronger plasticization effect, often approaching the
behavior of Newtonian fluids under similar conditions.

Based on the experimental data, rheological
equations were established for potato and corn starch-
based aqueous mixtures (up to 10 wt. %) with and without
added glycerol (up to 9 wt. %) at 30 °C and 60 °C. In all
cases, the rheological behavior conformed to a power-law
model, confirming pseudoplastic flow and suggesting that
similar behavior may be expected in systems based on
other starch types within comparable temperature ranges.
This insight is valuable for processing applications.

Density analysis showed minimal temperature
influence across all studied systems.

The collected data were generalized into equations
describing how the consistency index, flow behavior
index, and density depend on component concentrations.

Practical Relevance of the Derived Rheological
and Density Equations

The equations developed for flow behavior and
density are critical for optimizing technological processes.
They enable accurate predictions of how starch-based
mixtures will behave under varying temperature and
compositional conditions. These models allow for
improved product quality control and greater stability
throughout production stages. The provided polynomial
equations offer manufacturers a practical tool for fine-
tuning formulations and identifying optimal component
ratios, facilitating the development of high-quality
products while accelerating innovation cycles.

For instance, in the production of food products
such as yogurts or sauces —where consistent flow and
texture are crucial?* — the models can predict consistency
changes under different processing conditions, improving
efficiency and reducing raw material and energy costs.

In pharmaceutical applications, where both
flowability and density are critical, these equations help
ensure the high quality of suspensions, creams, and
ointments, as well as mitigate risks related to improper
consistency.

For packaging materials and disposable tableware, the
equations enable the determination of optimal formulation
ratios, supporting the design of environmentally friendly
products with predictable properties.

Outlook for Future Research

The developed equations for flow and density are
an important step forward in starch-based material
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science. They offer potential for broader applications and
serve as a foundation for future research.

One direction for further investigation is the effect
of additional modifiers — such as alternative plasticizers or
thickeners — that may interact with starch and alter its
physicochemical behavior. Another important avenue is
the study of dynamic system behavior under complex
processing conditions, including varying temperature
profiles or moisture content in end products.

In conclusion, the obtained results and equations
for rheological and density properties have significant
practical value for monitoring and optimizing production
processes in the food, pharmaceutical, and bio-
technological industries. They allow for accurate
prediction of system behavior under various conditions
and support the development of innovative products with
tailored properties.

References

[1] Polunin, Y.; Domnich, B.; Patnode Setien, K.; Voronov, A.
Bioplastics from Natural Renewable Polymeric Resources: A
Review. Chem. Chem. Technol. 2025, 19, 91-107.
https://doi.org/10.23939/chcht19.01.091

[2] BeMiller, J. N.; Whistler, R. J., Eds. Starch: Chemistry and
Technology, 3rd ed.; Academic Press: Burlington, MA, 20009.
https://doi.org/10.1016/S1082-0132(08)X0009-3

[3] Roy, W.; James, D. Kirk-Othmer Encyclopedia of Chemical
Technology; Wiley: New York, 2000.
https://doi.org/10.1002/0471238961.1920011823080919.a01

[4] Park, D.; Dong, Y.; Wang, S.; Lee, S.; Choi, H. J. Rheological
Characteristics of Starch-Based Biodegradable Blends. Polymers
2023, 15, 1-15. https://doi.org/10.3390/polym15081953

[5] Zhang, Y.; Rempel, C.; Liu, Q. Thermoplastic Starch
Processing and Characteristics—A Review. Crit. Rev. Food Sci.
Nutr. 2014, 54, 1353-1370.
https://doi.org/10.1080/10408398.2011.636156

[6] Stute, R. Starch Characteritics. Starch/Stérke 1992, 44, 205—
214. https://doi.org/10.1002/star.19920440603

[7] Rao, M. A.; Okecbukwu, P. E.; Da Silva, P. M.; Oliveira, J. C.
Rheological Behavior of Heated Starch Dispersions in Excess
Water: Role of Starch Granule. Carbohydr. Polym. 1997, 33, 273—
283. https://doi.org/10.1016/s0144-8617(97)00025-8

[8] Ragoubi, M.; Terrié, C.; Leblanc, N. Physico-Chemical,
Rheological, and Viscoelastic Properties of Starch Bio-Based
Materials. J. Compos. Sci. 2022, 6, 1-16.
https://doi.org/10.3390/jcs6120375

[9] Surendren, A.; Mohanty, A. K.; Liu, Q.; Misra, M. A Review
of Biodegradable Thermoplastic Starches, their Blends and
Composites: Recent Developments and Opportunities for Single-
Use Plastic Packaging Alternatives. Green Chem. 2022, 24, 1-25.
https://doi.org/10.1039/d2gc02169b

[10] Zhang, D.; Mu, T.; Sun, H. Comparative Study of the Effect
of Starches from Five Different Sources on the Rheological

Mykyta Byshko et al.

Properties of Gluten-Free Model Doughs. Carbohydr. Polym.
2017, 176, 345-355.
https://doi.org/doi.org/10.1016/j.carbpol.2017.08.025

[11] What Do Plasticizers Do?
https://www.osborneindustries.com/news/what-do-plasticizers-do/
(accessed 2025).

[12] Tong, L.; Wang, Y.; You, Y.; Tu, L.; Wei, R.; Liu, X. Effect
of Plasticizer and Shearing Field on the Properties of Poly(arylene
ether nitrile) Composites. ACS Omega 2020, 5, 1870-1878.
https://doi.org/10.1021/acsomega.9b03338

[13] Sirbu, E.; Dinita, A.; Tanase, M.; Portoaca, A.; Bondarev, A.;
Enascuta, C.; Calin, C. Influence of Plasticizers Concentration on
Thermal, Mechanical, and Physicochemical Properties on Starch
Films. Processes 2024, 12, 2021.
https://doi.org/10.3390/pr12092021

[14] Gamage, A.; Liyanapathiranage, A.; Manamperi, A.;
Gunathilake, C.; Mani, S.; Merah, O.; Madhujith, T. Applications
of Starch Biopolymers for a Sustainable Modern Agriculture.
Sustainability 2022, 14, 6085. https://doi.org/10.3390/su14106085
[15] Alcazar-Alay, S. C.; Meireles, M. A. A. Physicochemical
Properties, Modifications and Applications of Starches from
Different Botanical Sources. Food Sci. Technol. 2015, 35, 215-
236. https://doi.org/10.1590/1678-457x.6749

[16] Fedoryshyn, O.; Chervetsova, V.; Yaremkevych, O.; Skril,
Y.; Khomyak, S.; Kohut, A. Physico-Chemical and
Microbiological Characterization of Starch-Based Biodegradable
Films. Chem. Chem. Technol. 2024, 18, 417-425.
https://doi.org/10.23939/chcht18.03.417

[17] Sanyang, M. L.; Sapuan, S. M.; Jawaid, M.; Jawaid, M. R,;
Sahari, J. Effect of Plasticizer Type and Concentration on Physical
Properties of Biodegradable Films Based on Sugar Palm Starch. J.
Food Sci. Technol. 2015, 53, 326-336.
https://doi.org/10.1007/s13197-015-2009

[18] Mohammed, A. B.; Hasan, Z.; Omran, A. B.; Elfaghi, A. M,;
Khattak, M.; llyas, R. A.; Sapuan, S. M. Effect of Plasticizers on
Properties of Wheat Starch-Based Films. Polymers 2022, 15, 63.
https://doi.org/10.3390/polym15010063

[19] Decaen, P.; Rolland-Sabaté, A.; Colomines, G.; Guilois, S.;
Lourdin, D.; Della Valle, G.; Leroy, E. Influence of lonic
Plasticizers on Starch Melts. Carbohydr. Polym. 2019, 230,
115591. https://doi.org/10.1016/j.carbpol.2019.115591

[20] Yimsiri, P.; Mackley, M. Spin and Dip Coating of Light-
Emitting Polymer Solutions. Chem. Eng. Sci. 2006, 61, 3496—
3505. https://doi.org/10.1016/j.ces.2005.12.018

[21] Physical Properties of Starch Plasticized by a Mixture of
Plasticizers. https://advanceseng.com/physical-properties-starch-
plasticized-mixture-plasticizers/ (accessed 2025).

[22] Colby, R. H.; Fetters, L. J.; Funk, W. G.; Graessley, W. W.
Viscoelastic Properties of Polymer Solutions. Macromolecules
1991, 24, 3873-3882. https://doi.org/10.1021/ma00013a021

[23] Chang, Y.; Cheah, P.; Seow, C. Effects of Water on Tapioca
Starch Films. J. Food Sci. 2000, 65, 445-451.
https://doi.org/10.1111/j.1365-2621.2000.th16025.x

[24] Mekonnen, T.; Mussone, P.; Khalil, H.; Bressler, D. Progress
in Bio-Based Plastics. J. Mater. Chem. A 2013, 1, 13379-13398.
https://doi.org/10.1039/c3tal12555f



Study on the properties of starch-based compositions with a variable ratio of components

[25] Chen, X.; Guo, L.; Du, X.; Chen, P.; Ji, Y.; Hao, H.; Xu, X.
Glycerol’s Effect on Corn Starch During Heat. Carbohydr. Polym.
2017, 176, 56-64. https://doi.org/10.1016/j.carbpol.2017.08.062
[26] Ji, Z.; Yu, L.; Liu, H.; Bao, X.; Wang, Y.; Chen, L. Shear
Stress Effects on Gelatinization. Food Hydrocoll. 2017, 72, 331—
337. https://doi.org/10.1016/j.foodhyd.2017.06.015

[27] Keetels, C. J.; van Vliet, T.; Walstra, P. Retrogradation in
Concentrated Starch. Food Hydrocoll. 1996, 10, 355-362.
https://doi.org/10.1016/s0268-005x(96)80012-9

[28] Waterschoot, J.; Gomand, S. V.; Willebrords, J. K.; Fierens,
E.; Delcour, J. A. Pasting Properties of Starch Blends. Food
Hydrocoll. 2014, 41, 298-308.
https://doi.org/10.1016/j.foodhyd.2014.04.033

[29] Schirmer, M.; Hochstotter, A.; Jekle, M.; Arendt, E.; Becker,
T. Characterization of Different Starches. Food Hydrocoll. 2012,
32, 52-63. https://doi.org/10.1016/j.foodhyd.2012.11.032

[30] Morrison, I.; Morrison, C.; Cooper, M. P.; Dale, A. M. Potato
Starch Properties Across Genotypes. J. Sci. Food Agric. 2000, 81,
319-328. https://doi.org/10.1002/1097-
0010(200102)81:3%3C319::AID-JSFA825%3E3.0.CO;2-5

[31] Obanni, M.; Bemiller, J. N. Properties of Starch Blends.
Cereal Chem. 1997, 74, 431-436.
https://doi.org/10.1094/cchem.1997.74.4.431

[32] Rodriguez-Gonzalez, F. J.; Ramsay, B. A.; Favis, B. D.
Rheological and Thermal Properties of Thermoplastic Starch with
High Glycerol Content. Carbohydr. Polym. 2004, 58, 139-147.
https://doi.org/10.1016/j.carbpol.2004.06.002

Received: May 13, 2025 / Revised: September 15, 2025 /
Accepted: September 24, 2025

109

JTOCJIJIKEHHA BJACTUBOCTEN
KOMITO3UIII HA OCHOBI KPOXMAJIIO
31 3SMIHHUM CHIBBIIHOINEHHAM
KOMIIOHEHTIB

Anomayia. Y oocniodcenni 6ugueHo peonociuni ma 2yCmuMHi

81acmueocmi 600HO-KPOXMANEGUX KOMRO3Uuyitl 30 3MIHHUMU
CNIGBIOHOWEHHAMU KOMNOHEHMIB. Y8azcy 30cepe0dceHo Ha KapmoniaHoMy
ma  KyKypyO3saHOMY KpoXmanax. I3 euxopucmauuam 2niyepuny K
naacmughixamopa oyineHo 6NIUE KOHYeHmpayii, emicnmy Kpoxmanio ma
MEepMIYHUX VMO8 HA 2YCMUHY, MEeKYYicmb i CMPYKMYPHY NOBEOIHKY
KoMnosuyiil. /[ns po3pobrents emMnipuyHux mooenel, wo nepeodayaioms
61ACMUBOCMI  YUX CUCMeM Y PI3HUX YMOBAX, 3ACMOCO8AHO Memoo
cunnekc-cimuacmux —naawie. Pesynemamu  demoncmpyrome icmomui
GIOMIHHOCMI 8 CMPYKMYPHUX BIACMUBOCMAX KOMNO3UYILL HA OCHOBI
KapmonisiHoco ma  KyKypyO3sIHO20 KPOXMAlo, RIOKpecaowoyu  ixHill
nomenyian y cmeopenui 06iopo3kiaonux npooykmis. Lle odocniorcenus

3abe3neuye YiHHI THCMPYMeHmu Ois ONMuMI3ayii 800HO-KPOXMANEBUX

KOMNO3uyiti 011 6UKOPUCIAHHSL 8 XAPHYOBIll MEXHONO02I, NAKYBAHHI,
papmayeemuyi il eko102TUHO CMALOMY BUPOOHUYMEI.
Kniwouosi cnosa: 600HO-Kpoxmanesi KoMnosuyii, peonocis,

meKyuicmo, 2niyeput, 6Giopo3KIAOHI Mamepian, KapmonjsaHul Kpoxmao,
KYKYPYO3SHUU KPOXMATb, MEMOO CUNJEKC-CImYacmux niauie, 2ycmumd,

mepmiuHa oopoodKa.



