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Introduction: Starch is a crucial ingredient in the production of various food products, with its functional properties
varying depending on the source. However, the use of natural starch in industrial applications has been met with several
challenges. These include the low temperature at which starch paste forms, limited tolerance of natural starch to various
processing methods, and the low hardness of the gels it forms. These factors ultimately constrain the widespread use
of natural starch, particularly in the food industry. To overcome these limitations, starch modification is commonly
performed after its extraction using various methods, including chemical, physical, enzymatic, and thermal processes.
These modifications alter the functional properties of starch, enhancing its applicability in the food industry, depending
on the specific conditions applied. Plasma-active species, in particular, interact with starch through three main
mechanisms: crosslinking, depolymerization, and removal of granule surfaces, which further modify its properties.

Materials and Methods: Potato starch powder was sourced from Zamen Food Products Manufacturing Company,
located in Mashhad Industrial City, Iran. The starch was stored in plastic packaging, ensuring it remained sealed and
free from exposure to external air. For the cold plasma treatment, a homemade cold plasma generator was used. This
device consists of two main sections: the cold plasma generation unit and a sample storage compartment. It is capable
of producing cold plasma and facilitating direct contact between the sample and ionized air. A plasma reactor equipped
with copper and steel electrodes was used to generate a voltage of 20 kV and a current of 3 mA at 50 Hz, with
atmospheric air facilitating the collision of the plasma with the sample. To prepare the starch samples, a randomized
complete factorial experimental design was applied, with factors including pre-gelatinization temperature (60, 55, and
0°C), cold plasma treatment time (30, 15, and 0 minutes), and starch drying temperature (80, 70, and 60°C). Following
this, a 2% (w/w) suspension of potato starch was heated at 100°C for 1 hour. The suspension was vortexed every 5
minutes, and after 1 hour, the samples were allowed to cool to room temperature (25°C). The shear flow behavior of
the 2% starch dispersion at 25°C was measured using a viscometer (made in Spain) with a No. 3 spindle. Shear stress
was applied incrementally over a range of 0 to 200 inverse seconds, and strain data were recorded. The fluid flow
behavior of the starch dispersion was then analyzed using various rheological models. The flow data were fitted to the

Power Law, Herschel-Bulkley, and Casson models using the nonlinear regression tool in SPSS 20 software.
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Results and Discussion: The Herschel-Bulkley model provided the best fit for the data in most cases, although the

Power Law and Casson models also yielded good fits in certain treatments. This suggests that the type of treatment can
result in a range of behaviors, from Newtonian to non-Newtonian thinning in the starch fluid. In general, as the pre-
gelatinization temperature increased, the final viscosity of the starch samples decreased. However, for samples that
were not pre-gelatinized, the coefficient k increased with plasma treatment time, rising from zero to 15 minutes. In
samples that were not pre-gelatinized, the coefficient n increased with the other factors. However, in samples pretreated
at 55°C, n decreased as the other factors increased. At a pre-gelatinization temperature of 60°C, the value of n remained
constant but was generally lower than that of the other pre-gelatinization treatments. The drying temperature generally
decreased the viscosity of the samples. Nevertheless, at each drying temperature, the effects of pre-gelatinization
temperature and cold plasma treatment time on viscosity changes were significant. Both k and n coefficients decreased
with increasing drying temperature. Additionally, increasing plasma treatment time led to a decrease in viscosity and
k, although significant fluctuations in the value of n were observed. For instance, in samples that did not undergo plasma
treatment, pre-gelatinization and drying at the lowest temperature resulted in a Newtonian to shear-thickening behavior
(n=1.1) in the fluid. However, increasing the drying temperature at the same pre-gelatinization temperature caused n to
decrease to around 0.83. In contrast, for samples that received 15 minutes of plasma treatment, the key factors
influencing changes in n were the drying and pre-gelatinization temperatures. Finally, in samples subjected to the
longest cold plasma treatment time of 30 minutes, increasing both drying and pre-gelatinization temperatures led to a
decrease in n, shifting the fluid behavior from Newtonian to shear-thinning.

Conclusion: The study of the effect of cold plasma treatment on the rheological properties of potato starch reveals a
significant influence of temperature and treatment time on both the viscosity behavior and molecular structure of the
starch. The results highlight that cold plasma treatment, particularly at temperatures below 60°C, has a marked effect
on reducing rheological parameters such as starch viscosity and consistency. These changes in rheological properties
result from the chemical and physical effects of cold plasma active species on starch granules, including alterations to
the granule surface, the formation of pores, and increased water absorption. Additionally, it was found that starch
modification through cold plasma treatment enhances its functional properties, particularly its hydrophilicity and
solubility. Additionally, the effect of temperature during both pre-gelatinization and drying processes is clearly evident,
highlighting the importance of controlling these conditions to achieve an optimal structure in the treated starches. The
findings from this study not only enhance our understanding of the rheological behavior of starch but also offer insights

for optimizing industrial processes related to the production and application of this modified starch.
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Table 1. completely randomized factorial statistical design for potato starch treatments

Run Number g:fnf)‘;‘j'::ﬁfea(“"c‘; Drying T(ﬁg)l’e”t““* Cold-Plasma time (min)
R1 0 60 0
R21 0 60 15
R24 0 60 30
R25 0 70 0
R7 0 70 15
RI2 0 70 30
R10 0 80 0
R13 0 80 15
R27 0 80 30
R11 55 60 0
RIS 55 60 15
R9 55 60 30
R3 55 70 0
RS 55 70 15
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Table 2. Power law, Herschel- Bulkley, and Casson model parameters for starch samples at different times of cold plasma
treatment, pregelatinization temperature and drying temperature

Power law Herschel-Bulkley Casson
Run Number n R? | k (Pa.s™) N R? | k (Pa.s™) n R? | k(Pas™) | n R?
R1 3444 | 0.93 2.17 0.64 | 0.99 32 0.7 | 0.99 234 1.78 | 0.98
R21 280.27 | 0.97 2.98 0.54 | 0.97 3.03 0.61 | 0.97 20.52 1.42 | 0.99
R24 33428 | 0.92 3.56 1.1 0.99 3.85 1.29 | 0.98 25.6 2.6 | 0.99
R7 3752 | 0.96 3.064 1.03 | 0.95 3.8 1.19 | 0.94 26.7 2.63 | 0.98
RI2 310.1 | 0.95 3.42 091 | 0.96 3.56 1.1 ] 0.95 23.65 2.19 | 0.98
R10 291.11 | 0.99 3.58 1.07 | 0.92 3.8 1.32 | 091 23.57 2.37 | 0.98
R13 213.15 | 0.74 2.57 0.25 0.9 2.56 028 | 0.9 16.24 0.64 | 0.82
R27 313.08 | 0.98 3.7 1.13 | 0.92 3.92 1.4 ] 0091 24.9 2.53 | 0.98
RI11 322.8 | 0.86 3.064 1.1 0.99 3.82 1.3 | 0.99 25.13 2.57 | 0.96
R18 245.75 | 0.63 29 0.54 | 0.83 2.95 0.6 | 0.84 19.13 1.32 | 0.74
RO 35243 | 095 3.7 1.1 0.97 39 1.3 | 0.96 26.35 2.69 | 0.99
R3 380.6 | 0.86 3.66 1.05 | 0.95 3.82 1.21 | 0.95 27.4 2.7 | 0.94
R26 3589 | 0.96 3.4 0.84 | 0.96 35 0.95 | 0.96 25.1 2.23 | 0.99
R23 34245 | 0.96 3.4 0.83 | 0.98 3.48 094 | 097 24.71 22 | 0.99
R2 3434 | 0.99 3.07 0.537 | 0.9 3.1 0.592 | 0.9 22.7 1.56 | 0.96
R22 273.56 | 0.96 3.16 0.72 | 0.93 3.25 0.83 | 0.93 21.28 1.74 | 0.97
R4 292.8 | 0.77 3.05 0.617 | 0.651 3.07 0.64 | 0.95 21.15 1.52 | 0.86
R8 340.12 | 0.97 3.96 1.36 | 0.94 4.34 1.7 | 0.93 27 2.97 | 0.99
R16 327.07 | 091 3.06 0.55 | 0.98 3.1 0.6 | 098 22.21 1.55 | 0.97
R19 284.06 | 0.96 3.12 0.67 | 0.93 32 0.76 | 0.93 214 1.68 | 0.97
R17 291.71 | 0.7 3.16 0.7 0.92 3.22 0.79 | 0.93 21.84 1.78 | 0.82
R20 29372 | 0.7 33 0.79 | 0.93 33 0.89 | 0.93 22.37 1.95 | 0.82
R6 253.6 | 0.721 3.26 0.86 | 0.94 34 1 0.96 21.13 1.93 | 0.85
RIS 279.71 | 0.85 3.1 0.65 | 0.98 3.16 0.74 | 0.98 21.14 1.65 | 0.93
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Table 3. Significance of the effect of three factors on the viscosity, £ coefficient and n coefficient of starch samples

Pre-Gelatination Pre-Gelatination Drying
Drying Temperature | Cold- Plasma time
Temperature Temperature Temperature
(degC) - n.Power (min) - n.Power
(degC) — n.Power (degC) - k.Power |(degC) - k.Power
Exact Sig. (2-tailed) .152b .000° .064° .152% .000°
Pre-Gelatination
Pre-Gelatination
Cold- Plasma time Drying Temperature | Cold- Plasma time| Temperature
) Temperature (degC) -
(min) - k.Power (degC) - n.Casson | (min) - n.Casson (degC) -
n.Casson
k.Casson
Exact Sig. (2-tailed) .064° 1520 .000° .064° .152P
Drying Pre-Gelatination Drying Cold- Plasma
Cold- Plasma time
Temperature ) Temperature (degC)| Temperature time (min) -
(min) - k.Casson
(degC) - k.Casson -n.H.B (degC) -n.H.B n.H.B
Exact Sig. (2-tailed) .000P .307° .152P .000° .064°
Pre-Gelatination . . Pre-Gelatination Drying
Drying Temperature | Cold- Plasma time
Temperature Temperature Temperature
(degC) - k.H.B (min) - kK.H.B
(degC) - k.H.B (degC) - mu (degC) — mu
Exact Sig. (2-tailed) 1520 .000P .064° .000P .000P

Cold- Plasma time (min) — mu

Exact Sig. (2-tailed)

.000°
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Fig 2. Granular structure of treated starch (a) and control (b)
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Table 4. Model Analysis for n, k, and viscosity of power law, casson, and herschel-bulkley equations withdesign expert

n-Power
Source Sum of Squares | df | Mean Square | F-value | p-value R? Adjusted R?
Model 0.6690 3 0.2230 5.13 0.0286 | 0.6581 0.5299
A-PregelTemp 0.0122 1 0.0122 0.2802 | 0.6109
B-Drying Temp 0.3063 1 0.3063 7.05 0.0290
C-CPtime 0.0001 1 0.0001 0.0015 | 0.9703
Residual 0.3476 8 0.0434
Lack of Fit 0.1856 4 0.0464 1.15 0.4492
Pure Error 0.1620 4 0.0405
Cor Total 1.02 11
Linear Coefficient
Intercept 0.7745
A-PregelTemp 0.0798
B-Drying Temp -0.3302
C-CPtime -0.0048
n-Casson
Source Sum of Squares | df | Mean Square | F-value | p-value R Adjusted R?
Model 3.17 3 1.06 5.36 0.0257 | 0.6676 0.5430
A-PregelTemp 0.0050 1 0.0050 0.0256 | 0.8769
B-Drying Temp 1.75 1 1.75 8.86 0.0177
C-CPtime 0.0066 1 0.0066 0.0337 | 0.8589
Residual 1.58 8 0.1972
Lack of Fit 0.9998 4 0.2500 1.73 0.3043
Pure Error 0.5780 4 0.1445
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Cor Total 4.75 11
Linear
Intercept 1.85
A-PregelTemp 0.0514
B-Drying Temp -0.7886
C-CPtime 0.0486
n-Herschel- Bulkley
Source Sum of Squares | df | Mean Square | F-value | p-value R Adjusted R*
Model 1.23 6 0.2052 1.78 0.02711 | 0.6815 0.2993
A-PregelTemp 0.0101 1 0.0101 0.0882 | 0.7784
B-Drying Temp 0.5773 1 0.5773 5.02 0.0352
C-CPtime 0.0587 1 0.0587 0.5098 | 0.5072
AB 0.0654 1 0.0654 0.5686 | 0.4848
AC 0.0126 1 0.0126 0.1097 | 0.7539
BC 0.1193 1 0.1193 1.04 0.3552
Residual 0.5753 5 0.1151
Lack of Fit 0.2053 1 0.2053 222 0.2104
Pure Error 0.3699 4 0.0925
Cor Total 1.81 11
Quadratic
Intercept 0.7760
A-PregelTemp -0.0915
B-Drying Temp -0.6165
C-CPtime 0.1965
AB -0.2140
AC 0.0940
BC 0.2890
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k-Power
Source Sum of Squares | df | Mean Square | F-value | p-value R Adjusted R?
Model 1.08 3 0.3604 5.38 0.0254 | 0.6686 0.5443
A-PregelTemp 0.0066 1 0.0066 0.0989 | 0.7612
B-Drying Temp 0.5548 1 0.5548 8.28 0.0206
C-CPtime 0.0005 1 0.0005 0.0069 | 0.9360
Residual 0.5360 8 0.0670
Lack of Fit 0.3113 4 0.0778 1.39 0.3800
Pure Error 0.2247 4 0.0562
Cor Total 1.62 11
Linear
Intercept 3.24
A-PregelTemp 0.0589
B-Drying Temp -0.4445
C-CPtime 0.0128
k-Casson
Source Sum of Squares | df | Mean Square | F-value | p-value R Adjusted R?
Model 68.66 3 22.89 6.12 0.0364 | 0.6965 0.5827
A-PregelTemp 0.0529 1 0.0529 0.0142 | 0.7124
B-Drying Temp 41.66 1 41.66 11.14 0.0307
C-CPtime 0.1503 1 0.1503 0.0402 | 0.9556
Residual 29.92 8 3.74
Lack of Fit 24.51 4 6.13 4.53 0.4069
Pure Error 541 4 1.35
Cor Total 98.57 11
Linear
Intercept 22.27
A-PregelTemp -0.1664
B-Drying Temp -3.85
C-CPtime 0.2314
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k-Herschel- Bulkley
Source Sum of Squares | df | Mean Square | F-value | p-value R Adjusted R?
Model 1.70 3 0.5668 4.65 0.0364 | 0.6358 0.4992
A-PregelTemp 0.0178 1 0.0178 0.1459 | 0.7124
B-Drying Temp 0.8351 1 0.8351 6.86 0.0307
C-CPtime 0.0004 1 0.0004 0.0033 | 0.9556
Residual 0.9742 8 0.1218
Lack of Fit 0.5479 4 0.1370 1.29 0.4069
Pure Error 0.4263 4 0.1066
Cor Total 2.67 11
Linear
Intercept 3.34
A-PregelTemp 0.0964
B-Drying Temp -0.5453
C-CPtime 0.0120
Viscosity
Source Sum of Squares | df | Mean Square | F-value | p-value R Adjusted R?
Model 10887.63 3 3629.21 4.81 0.0337 | 0.6432 0.5095
A-PregelTemp 321.93 1 321.93 0.4265 | 0.5320
B-Drying Temp 7683.25 1 7683.25 10.18 0.0128
C-CPtime 35.01 1 35.01 0.0464 | 0.8349
Residual 6038.35 8 754.79
Lack of Fit 6036.07 4 1509.02 2641.74 | 0.1117
Pure Error 2.28 4 0.5712
Cor Total 16925.98 11
Linear
Intercept 296.60
A-PregelTemp -12.97
B-Drying Temp -52.30
C-CPtime 3.53
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Fig 3. The results of predicted and experimental data for the rheological parameters of the studied models
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Table 5. The significance of the prediction results of the parameters of the rheological models

Model R-squared | MAE DF Sig.
n.Power-Model 1 0.77 0.185 17 .047
k.Power-Model 2 0.68 0.221 17 .050
n.Casson-Model 3 0.55 0.388 17 .053
k.Casson-Model 4 0.45 0.27 18 .081

n.H.B-Model 5 0.89 0.238 17 .05
k.H.B-Model 6 0.93 0.283 17 .036
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Fig 4. Conditions for optimizing the index » for pseudoplastic (a) Newtonian (b), rheopectic (c) state of starch, and the
highest viscosity (d) and the lowest viscosity (e) in the modified starch dispersion with the studied treatments
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