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Abstract
The rheology of potato starch paste (PSP) in an ultrasonic field was studied by an RS600 HAAKE rheometer. The effects of 
ultrasonic time on the rheological model and on shear thinning of PSP were studied. The thixotropy of PSP in the ultrasonic 
field and the spatial conformation of the PSP molecular chain were also investigated. From experiments under different 
ultrasonic times, PSP exhibited pseudoplastic fluid characteristics and conformed to the power law τ = k·γm (where k and m 
are constants). PSP has the characteristics of a Newtonian fluid after ultrasonic action. At the same shear rate, the apparent 
viscosity of PSP decreased with increasing ultrasonic time. The degree of shear thinning of PSP was greatly reduced, and 
the thixotropy of PSP was lower after ultrasonic action.
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Introduction

During food processing, it is important to know the type 
of fluid flow to be expected and to measure or calculate 
the rheological parameters of the material. These proper-
ties are related to controlling and managing the design and 
implementation of food processing equipment [1], especially 
the processes of pipeline transportation, mixing, and heat 
exchange. The material’s textural stability and the process 
design are affected by the rheological properties of the mate-
rial. Therefore, studying PSP rheological properties can pro-
vide an understanding of food component properties such as 
composition, internal structure, and molecular morphology, 
thus furnishing a convenient basis for processing technology, 
equipment selection, and quality inspection [2].

The rheology of starch is important for its use, many 
previous experiments have been conducted to study the 
rheological properties of starches [3–12]. Islam et al. [13] 
studied the intrinsic viscosity and critical concentration of 
sago starch at different temperatures. The results showed 

that starch exhibited the characteristics of a pseudoplastic 
fluid regardless of temperature. As the temperature rose, the 
intrinsic viscosity of the starch increased, but the critical 
concentration remained unchanged throughout the experi-
mental temperature range. Mechanical and chemical consid-
erations also have a significant effect on starch rheological 
properties, which reduces their temperature dependence. 
Yoo et al. [14] studied the rheological properties of rice 
starch paste at different sucrose concentrations. The static 
shear properties of a rice starch paste-sucrose mixture fit-
ted the power law and Carson’s flow model. At 25.0 °C, the 
starch paste-sucrose mixture exhibited shear-thinning flow 
behavior (n = 0.25–0.44). Sucrose addition reduced the flow 
pattern index n of the starch paste and decreased the appar-
ent viscosity and yield. Tarrega et al. [15] studied the effect 
of milk on the rheology of crosslinked waxy corn and tapi-
oca starch. The results showed that all the samples exhibited 
sheared olefination. Besun et al. [16] studied the rheological 
properties of starch and bentonite gels. The power law model 
can be used to fit the experimental viscosity: � = k ⋅ �

n−1 . 
The value of n is less than 0.5, and the magnitude of k is 
proportional to the degree of entanglement and compression 
of the structure. The trend of the parameters k and n was 
consistent with the thixotropic index and the shear modulus. 
Hu et al. [17] investigated the rheological properties of PSP 
at different concentrations by means of a rheometer. Experi-
mental results showed that starch concentration had a strong 
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influence on viscosity properties. As the starch concentra-
tion increased, the maximum hot and cold viscosities both 
increased, gelation increased, and both hot and cold paste 
viscosity stabilities remained high. At various concentra-
tions, all starches exhibited pseudoplastic fluid characteris-
tics. Andrea et al. [18] studied the effects of lactic acid and 
ultraviolet radiation on the rheological properties of cas-
sava and cornstarch. Jee-Yup et al. [19] studied the effect 
of alkali and borax on pea starch. The experimental results 
showed that the presence of alkali and borax greatly changed 
the viscosity peak and the flowability of the starch paste, 
increased the critical concentration peak and the viscosity 
of cold starch paste, and weakened starch syneresis.

However, changes in the rheological properties of a food 
starch paste system in an ultrasound field have not been 
reported in the literature. Ultrasound consists of sound 
waves at a frequency that exceeds the human audible thresh-
old. Ultrasound treatment (UT) is a physical method that 
has shown many advantages over other methods in terms of 
higher selectivity and quality, reduced use of chemicals and 
processing time, and environmental friendliness [20]. Ultra-
sound can affect starch dispersion and damage starch gran-
ules [21]. The effects of UT result from acoustic cavitation, 
which is the fast generation, growth, and finally implosive 
collapse of bubbles in liquid, generating heat (up to 5000 K) 
and pressure (up to 20 MPa) in a very short time [22]. During 
UT, ultrasound energy can be transferred to starch granules 
through cavitation, which refers to the formation, growth, 
and rapid collapse of microbubbles [23]. As a result of this 
treatment, the polymer chains near the collapsing microbub-
bles are caught in a high-gradient shear field, which leads to 
breakage of macromolecular C–C bonds and formation of 
long-chain radicals [24]. High-power ultrasound can reduce 
the molecular weight of amylose and amylopectin due to 
breakage of C–C bonds, leading to a decrease in viscos-
ity [25–27]. Ultrasound treatment facilitates the disintegra-
tion of starch granules and the formation of a homogeneous 
starch solution [28]. High-frequency vibration-treated maize 
starch dispersions have improved mechanical properties and 
lower water–vapor permeability [21].

In this study, the research team investigated the change 
laws of potato starch rheology in foodstuffs in an ultrasonic 
field. When ultrasound technology is used in food process-
ing, the rheological properties of food components are 
affected. For example, ultrasound-assisted filtration reduces 
the viscosity of liquids and accelerates filtration. Ultrasound-
assisted extraction facilitates further refinement of pulp, 
reduces juice viscosity, enables juice to be easily clarified 
and filtered, increases juice yield and quality, and reduces 
mechanical equipment processing load. Ultrasound in the 
food system can be affected mainly by thermal, mechanical, 
and cavitation effects. These effects in turn influence the 
rheological properties of the food components. This study 

examined the changes in PSP rheological properties in an 
ultrasonic field, analyzed the structural changes of potato 
starch in an ultrasonic field, and explored the intrinsic rela-
tionship between the two, thus providing fundamental data 
and a theoretical basis for industrial application of new ultra-
sonic technology.

In this research, an RS600 HAAKE rheometer was used 
to study changes in PSP rheological properties in an ultra-
sonic field. The rheological model of PSP in different ultra-
sonic fields was studied under different ultrasonic times, 
intensities, and concentrations. Changes in the apparent 
viscosity, shear, and thixotropy of PSP under these three 
factors were also studied.

Materials and methods

Materials

The potato starch used in this experiment was produced 
by National Starch and Chemical Company, USA (with 
an excellent grade, containing 14.4% moisture and hav-
ing 99.5% purity). Congo red was manufactured by Sigma 
Company, USA. Sodium hydroxide was manufactured by the 
Guangzhou Chemical Reagent Factory, Guangzhou, China. 
All these chemicals were of analytical grade.

The electronic balance used in this experiment was pro-
duced by the Sartorius Company, Germany. The UP400S 
ultrasonic equipment was produced by Dr. Hielscher in Ger-
many. The RS600 HAAKE rheometer was manufactured by 
HAAKE Rheostress, Germany. The HH-2 superheated water 
bath was manufactured by Jintan Fuhua Electric Company, 
Jiangsu, China. The DZF-6050X vacuum oven was produced 
by Shanghai Boxun Industrial Company, Shanghai, China.

Gelatinization of potato starch

Using accurately weighed potato starch samples of 2.000 g, 
4.000 g, 8.000 g, 16.000 g, 24.000 g, and 32.000 g, distilled 
water was used to prepare 400 mL of solution with mass 
concentrations of 0.5%, 1.0%, 2.0%, 4.0%, 6.0%, and 8.0%, 
respectively. The starch was stirred to achieve full dispersion 
and then heated to gelatinization in a boiling water bath for 
30.0 min. Then the starch was cooled to room temperature.

Determination of PSP rheological properties

The viscosity and elasticity of the fluid were measured by 
the rheometer. Viscosity varied with shear rate, temperature 
and pressure, yield stress, and thixotropy, which were all vis-
cosity measurements. PSP rheological properties were meas-
ured by an RS600 rheometer. The apparent viscosity η, shear 
stress τ, and other parameters were recorded as the shear rate 
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changed. In this way, the rheological model was derived. The 
hysteresis loop area was calculated by the rheological instru-
ment software. The probe model was PP35Ti, and the plate 
diameter was 27.83 mm. The sample was placed between 
the plates, and the gap was set to 1 mm. Excess sample 
was removed, and a layer of silicone oil was applied to the 
exposed sample to prevent moisture evaporation.

Shear stress determination in PSP

PSP was kept at 25 °C for 60 s at a shear rate of 0.001 s−1. 
The apparent viscosity and shear stress were measured as the 
shear rate increased continuously from 1.00 to 1000.00 s−1. 
The measurement time was 60 s.

Determination of PSP thixotropy

PSP was kept at 25 °C for 60 s at a shear rate of 0.001 s−1. 
The shear stress was measured as the shear rate increased 
continuously from 1.00 to 1000.00 s−1. The measurement 
time was 60 s. The maximum shear rate was maintained for 
30 s and then reduced to 1.00 s−1 in 60 s.

Congo red helix‑strand structure transition analysis 
of single starch structure of PSP

An accurately weighed sample of Congo red (0.0862 g) 
was fully dissolved in 100 mL distilled water. A 1.5 mL of 
the Congo red solution and 0.5 mL of distilled water were 
measured, with distilled water as a blank, in the scan test 
wavelength range of 400–550 nm. The Congo red solution 
absorption spectrum, λmax was then determined. Distilled 
water (0.5 mL) was the replaced an equal volume of PSP 
solution at a concentration of 0.5%, using the same method 
to obtain the λmax of Congo red-composite potato starch.

Analysis of advanced PSP structure

NaOH concentrations of 0.10 mol/L, 0.20 mol/L, 0.30 mol/L, 
0.40 mol/L, 0.50 mol/L, 0.60 mol/L, 0.70 mol/L, 0.80 mol/L, 
and 0.90 mol/L were made and Congo red was dissolved in 
each to give a final concentration of 0.38 µmol/L Congo 
red-NaOH solution. PSP was dissolved in the above NaOH 
solution to give a final concentration of 10.0 g/L of potato 
starch-NaOH solution. Then 0.5 mL potato starch-NaOH 
solution was mixed with different concentrations of Congo-
NaOH solution, with the same concentration of NaOH solu-
tion for reference, in the 400–550 nm wavelength range to 
obtain the λmax of the Congo red-potato starch system at 
different NaOH solution concentrations.

Results and discussion

Effect of ultrasonic time on PSP rheology

Characteristic curves for different fluids have different 
shapes due to the relationship between shear stress and 
shear rate difference. Samples with a concentration of 
2.0% PSP were placed in an ultrasonic field with an ultra-
sonic intensity of 75 W/cm2, 150 W/cm2, 225 W/cm2, or 
300 W/cm2. Figure 1 shows their shear stress and the shear 
rate relationship at different ultrasonic times at 25 °C.

According to the relationship between shear stress and 
shear rate, fluids can be divided into Newtonian and non-
Newtonian fluids. A non-Newtonian fluid is characterized 
by a shear stress that is not proportional to the shear rate. 
As shown in Fig. 1, the rheological curves of PSP still 
passed through the origin under the action of the ultrasonic 
field, but the shear stress curves were convex to varying 
degrees. These curves can therefore be judged to belong 
to non-Newtonian fluids [29]. The behavior of PSP in the 
ultrasonic field can be described by the power law. The 
shear stress increased with increasing shear rate and had 
the characteristics of a pseudoplastic fluid. The shear stress 
decreased with longer time in the ultrasonic field when 
the shear rate was kept constant. For example, PSP shear 
stresses were 18.82 Pa, 12.56 Pa, 8.86 Pa, 6.22 Pa, 4.89 Pa, 
and 2.93 Pa respectively when the ultrasonic sound inten-
sity was 300 W/cm2 and γ = 1000 s−1. The shear stress 
of the original starch paste was 24.21 Pa, and the times 
spent in the ultrasonic field were 0.5 min, 1.0 min, 5.0 min, 
10.0 min, 30.0 min, and 60.0 min respectively.

According to the shape of the rheological curve, the law 
of variation of the PSP rheological curve in an ultrasonic 
field with different parameters can be described by the 
following power law:

where τ is the shear stress, Pa, and γ is the shear rate, r/min. 
m is the flow characteristic index, and k is the consistency 
coefficient, Pa/min. Table 1 shows the k and m values and 
the correlation coefficients R2 obtained for all samples by 
univariate nonlinear regression.

Table 1 shows R2 between 0.9453 and 0.9922 when 
the rheological curve of PSP in the ultrasonic field is 
described by the power law. This indicates that the power 
law achieved an accurate fit to PSP rheological proper-
ties in the ultrasonic field. Table 1 also shows that the 
consistency coefficient k decreased and the flow index m 
increased at longer times in the ultrasonic field. The result-
ing k and m values for all the samples in Table 1 were 
plotted (Fig. 2) to obtain the power law consistency coef-
ficient and the flow characteristic index of PSP under the 
four ultrasonic intensities.

� = k ⋅ �
m
,
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These experimental results show that the effects of an 
ultrasonic field on PSP rheological properties are positively 
correlated. The mechanical and cavitation action produced 
by the ultrasonic field results in high-frequency shear vibra-
tion and jet force fields, which fracture part of the starch 
molecular chain, weakening the interaction between the 
starch molecules, increasing the free volume of sol, and 
enhancing diffusion and movement of the macromolecular 
segments, which is favorable to dissolution of macromolecu-
lar chains. These fields also weaken the interaction between 
molecular chains, strengthen the internal motion of the 
starch paste system, and enhance interaction between starch 
and water molecules, whereas larger clusters of starch mole-
cules are destroyed by ultrasound. The intensity of mechani-
cal action and the cavitation produced by the ultrasonic field 
have a positive correlation with ultrasonic time. The longer 
the ultrasonic time, the greater is the effect of cavitation 
on potato starch and the more obvious the effect of stirring 
and cutting. The reason for this is that as the ultrasonic time 

becomes longer, energy accumulates. Therefore, the effect 
of ultrasonic time on the rheological properties of starch 
paste is positive.

According to rheological theory, the magnitude of the 
index m indicates the degree of deviation of a fluid from a 
Newtonian fluid. When m = 1, the fluid is an ideal Newto-
nian fluid, and the consistency coefficient k is equivalent to 
the viscosity of a Newtonian fluid. When m > 1, the fluid 
is denser than a Newtonian fluid and is a plasticized fluid. 
When m < 1, the fluid is thinner than a Newtonian fluid and 
is a pseudoplastic fluid [30, 31]. All the samples in Fig. 2 
have m less than or equal to 1, indicating that the starch 
paste is still a pseudoplastic fluid after application of the 
ultrasonic field. However, as the ultrasonic time becomes 
longer, the flow characteristic index m increases and tends to 
1. At ultrasonic sound intensities of 150 W/cm2, 225 W/cm2, 
and 300 W/cm2 for 30.0 min, the PSP viscosity coefficient is 
very small, and the flow characteristic index m = 1.000. With 
an ultrasound sound intensity of 75 W/cm2 and ultrasound 

0 200 400 600 800 1000

0

5

10

15

20

25

30
Sh

ea
r s

tre
ss

 /P
a

Strain Rate /s-1

 0 min
 0.5 min
 1 min
 5 min
 10 min
 30 min
 60 min

0 200 400 600 800 1000

0

5

10

15

20

25

30

Strain Rate /s-1

 0 min
 0.5 min
 1 min
 5 min
 10 min
 30 min
 60 min

(a) 75W/cm2 (b) 150W/cm2

0 200 400 600 800 1000

0

5

10

15

20

25

30

Sh
ea

r s
tre

ss
 /P

a

Strain Rate /s-1

 0 min
 0.5 min
 1 min
 5 min
 10 min
 30 min
 60 min

0 200 400 600 800 1000

0

5

10

15

20

25

30

Sh
ea

r s
tre

ss
 /P

a

Strain Rate /s-1

 0 min
 0.5 min
 1 min
 5 min
 10 min
 30 min
 60 min

(c) 225W/cm2 (d) 300W/cm2

Fig. 1  Rheological curves of 2.0% PSP with different ultrasonic intensities
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for 60.0 min, the PSP flow characteristic index m = 1.000. 
This indicates that the mechanical and cavitation effects of 
the ultrasonic field can make the PSP tend to become a New-
tonian rather than a pseudoplastic fluid. The PSP had good 
flowability after exposure to the ultrasonic field.

Effect of ultrasonic time on PSP shear thinning

Shear thinning is a peculiar phenomenon of a pseudoplastic 
fluid in which the apparent viscosity of the fluid decreases 
with increasing shear rate.

Figure 3 shows the apparent viscosity and shear rate of 
PSP and their relationship with ultrasound intensity. The 
intensities used were 75 W/cm2, 150 W/cm2, 225 W/cm2, 
and 300 W/cm2, and all experiments took place at 25 °C.

Figure 3 shows that PSP apparent viscosity decreases 
with increasing shear rate and that shear-thinning behavior 
increases at longer ultrasound times. The reason for this is 
that the molecules tangle with each other when the macromo-
lecular fluid is at rest; the tangles are unwound when the mol-
ecules are subjected to shear forces. The molecules or particles 
are arranged in a line along the flow direction, and the shear 
stress between the flow layers is reduced, so that the apparent 

Table 1  Rheological properties of 2.0% PSP at different ultrasonic times

Role of time/min Consistency factor k Flow index m Correlation 
coefficient  R2

Consistency factor k Flow index n Correlation 
coefficient  R2

Ultrasound level P = 75 W/cm2 P = 150 W/cm2

0.0 0.3275 0.6494 0.9922 0.3275 0.6494 0.9922
0.5 0.3176 0.6402 0.9914 0.3167 0.6566 0.9836
1.0 0.2903 0.6411 0.9880 0.2784 0.6610 0.9919
5.0 0.1879 0.6836 0.9857 0.1724 0.6774 0.9901
10.0 0.1030 0.7614 0.9582 0.0926 0.7885 0.9732
30.0 0.0238 0.8716 0.9453 0.0175 1.000 0.9856
60.0 0.0063 1.000 0.9912 0.0049 1.000 0.9707
Ultrasound level P = 225 W/cm2 P = 300 W/cm2

0.0 0.3275 0.6494 0.9922 0.325 0.6494 0.9861
0.5 0.2887 0.6608 0.9905 0.1276 0.7072 0.9908
1.0 0.1724 0.6674 0.9901 0.0794 0.7129 0.9804
5.0 0.0630 0.7614 0.9582 0.0365 0.7734 0.9790
10.0 0.0375 0.8938 0.9940 0.0165 0.9185 0.9855
30.0 0.0060 1.000 0.9707 0.0049 1.000 0.9706
60.0 0.0034 1.000 0.9534 0.0029 1.000 0.9669
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Fig. 2  Power law indices k and m obtained from nonlinear curve fits of measured shear stress versus shear rate of 2.0% PSP treated with different 
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viscosity decreases. An increase in ultrasonic time means that 
energy accumulates. As the input acoustic energy increases, 
some starch molecular chains break [9], and the interaction 
between starch molecules is weakened. This increases the free 
volume of sol, increases diffusion and movement of macromo-
lecular chains, favors entanglement of macromolecular chains 
in solution, and weakens the interaction between molecular 
chains. The apparent viscosity decreased at a faster rate of 

change than the ultrasonic time. Therefore, the shear-thinning 
phenomenon increases with ultrasonic time.

Changes in PSP thixotropy in an ultrasonic field

The shear stress of PSP increases with increasing shear rate. 
Figure 4 shows PSP thixotropy at a concentration of 6.0% 
at 25 °C.
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Fig. 3  Relation between shear rate and apparent viscosity of PSP at different ultrasonic times
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It is clear from Fig. 4 that when the shear rate reached a 
predetermined maximum (γmax = 1000 s−1) and then gradu-
ally decreased to its starting point, hysteresis occurred 
between the upstream and downstream shear-stress curves, 
resulting in a hysteresis loop. Figure 4 shows PSP thixotropy 
before and after application of the ultrasonic field [32]. The 
change occurred because the structure of the PSP system 
was destroyed by external forces (shearing, as measured 
by the rheometer); the structure was automatically restored 
after standing. After the structure had been destroyed, the 
particles needed some period of time to move to an appro-
priate geometric position to form a new structure. In this 
way, in the process of increasing the shear rate, the speed of 
structural recovery always lags behind the speed of disas-
sembly, and therefore PSP has thixotropic properties. From 
the size of the hysteresis loop, the thixotropy of PSP at a 
concentration of 6.0% decreases with increasing ultrasound 
time at 25 °C. When PSP was sonicated for 30.0 min, the 
shear stress of the upstream and downstream curve hyster-
esis loop was very small. The shear stresses of the upward 
and downward curves substantially coincided when the PSP 
was sonicated for 60.0 min.

Using an RS600 HAAKE rheometer system software to 
calculate the thixotropic hysteresis loop areas for PSP treated 
for different ultrasonic times, the changes in PSP thixotropy 

at different concentrations were described and are shown 
in Fig. 5.

As shown in Fig. 5b, c, the thixotropic hysteresis loop area 
of the original PSP at 4.0% concentration was 1.155 × 104 Pa 
 s−1, and the thixotropic hysteresis loop area decreased as the 
ultrasonic time became longer. After 30.0 min of ultrasonic 
time, the thixotropic ring area was 985 Pa  s−1, and after 
60.0 min ultrasound time, it was 506 Pa  s−1. The original 
PSP at 6.0% concentration had a thixotropic hysteresis loop 
area of 2.461 × 105 Pa  s−1. After 1.0 min of ultrasound time, 
the area of the thixotropic hysteresis loop was 5.479 × 104 
Pa  s−1, but after 60.0 min of ultrasound time, the loop area 
was 2.602 × 103 Pa  s−1. Therefore, the thixotropic ring area 
of PSP was significantly reduced by the action of the ultra-
sound field.

PSP concentrations vary, and in the ultrasound field, the 
extent of their thixotropic decline also varies. Concentrations 
of 2.0% and 8.0% PSP and their thixotropic hysteresis loop 
areas as a function of sonication time are shown in Fig. 5a, 
d. The thixotropic hysteresis loop areas of the original PSP 
at concentrations of 2.0% and 8.0% were 5355 Pa  s−1 and 
3.693 × 105 Pa  s−1, respectively. With longer ultrasonic time, 
the thixotropic ring area continued to decrease. When the 
ultrasound time was 60.0 min, the thixotropic hysteresis 
loop areas were 494.1 Pa  s−1 and 1.078 × 104 Pa  s−1, respec-
tively. Concentrations of 0.5% and 1% PSP were not studied 
because these concentrations were so low that the rheometer 
could not detect changes in thixotropy.

Changes in the spatial conformation of potato 
starch molecular chains in the ultrasound field

Experiments were performed to verify the spatial conforma-
tion changes of potato starch molecular chains in the ultra-
sound field, with the intention of researching the root cause 
of the decrease in PSP viscosity. According to the theory 
of transition analysis of the Congo red helix-coil structure 
established by Ogawa et al., Congo red can form stable 
complexes with dextran that have a helical structure [33] 
(mainly single-helix structures). The maximum absorption 
wavelength (λmax) of the Congo red solution moves towards 
higher values when each Congo red molecule binds to six 
dextrans in the glucan chain. Therefore, 0.5% concentra-
tion PSP was selected to study spatial conformation changes 
in potato starch molecular chains and to deduce whether 
potato starch has a single-helix structure. Assuming that 
the potato starch molecular chain is sufficiently dissolved in 
the solution, the maximum absorption wavelengths (λmax) 
of Congo red and starch-Congo red complex were obtained 
and compared (Fig. 6). The maximum absorption wave-
length of Congo red was 491 nm, and that of the starch-
Congo red complex was 508 nm. The maximum absorption 
wavelength of the starch-Congo red complex moved towards 
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higher values. From this point, it could be inferred that PSP 
was present in the solution, at least in part as a single-helix 
structure.

According to the relevant theory of polysaccharide solu-
tions, polysaccharides are destroyed under certain alkali con-
centrations, resulting in the disintegration of their advanced 
spiral structure. To maintain its high-level spiral hydrogen 
bond structure, the polysaccharide molecule then forms a 
single-helix structure. Therefore, sodium hydroxide treat-
ment is a common method for polysaccharide conformation 
analysis and for inducing conformational transformation 
[34]. To deduce the change in the advanced spiral structure 
of PSP in sodium hydroxide solution, sodium hydroxide 
treatment and Congo red helix coil structure transition analy-
sis were combined. First, the change in the maximum light 
wavelength absorbed by PSP at different sodium hydroxide 
solution concentrations was determined. This suggested 
that conformational changes were occurring in the PSP. The 
results are shown in Fig. 7.

Congo red is a dye that can form a complex with multi-
stranded conical polysaccharides. The maximum absorp-
tion wavelength of the complex is shifted relative to Congo 
red. As shown in Fig. 7, with increasing sodium hydroxide 
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concentration, the maximum absorption wavelength of the 
Congo red complex decreased linearly, and the maximum 
absorption wavelength of the Congo red-starch complex 
decreased gradually, but differently from the Congo red 
complex. According to experimental results, the complex 
formed by starch and Congo red has the following λmax char-
acteristic change in the range of 0.0–0.9 mol/L NaOH solu-
tion. The redshift of the maximum absorption wavelength 
of the Congo red complex indicates that PSP undergoes a 
conformational transition under alkaline conditions. Under 
conditions of strong alkali disintegration as a single strand of 
a random group, starch cannot form a complex with Congo 
red, and λmax drops sharply to the same value as pure Congo 
red.

According to these studies, not only does PSP have a sin-
gle-helix structure, but it also exhibits some advanced spiral 
structures. These advanced spiral structures are formed by 
many single-helix structures that are stabilized by hydrogen 
bonds in the molecule. The solution viscosity is reduced 
after the advanced structures are destroyed.

Generally, intermolecular hydrogen bonds are destroyed 
without causing alkali degradation of polysaccharide chains 
in NaOH solutions with concentrations of 0.1–0.4 mol/L. 
Therefore, in this study, 0.5% PSP and 0.2 mol/L NaOH 
treatment were selected to examine the variation of potato 
starch behavior in an ultrasonic field by Congo red helix-to-
linear structure transition analysis. The results are shown 
in Fig. 8.

From Fig. 8, the maximum absorption wavelength of the 
Congo red complex decreased as time in the ultrasonic field 
increases. PSP underwent a conformational change in the 
ultrasonic field and existed only in certain advanced heli-
cal structures. Macromolecules are present in solution in 
three conformations: triple-helix structures, single-helix 
structures, and random coil structures [35]. These various 

conformations are transformed from one to another because 
of differences in the environment, so that a polymer solu-
tion may contain a variety of conformational morphologies 
coexisting in a mixed system. The solution viscosity with 
different polymer conformations is different, and viscosity 
often increases when the polymer is constrained by a random 
coil to a regular helical conformation or by transformation of 
a single-stranded spiral structure into a triple-stranded spiral 
structure [36]. In the ultrasonic field, disintegration of the 
PSP spiral structure reduces solution viscosity. The sound 
intensity of the input was very low in this study, and the PSP 
was not degraded. Therefore, it is proposed that the decrease 
in PSP viscosity was caused by changes in conformation.

Conclusions

Shear stress increases with increasing shear rate and makes a 
starch solution exhibit the characteristics of a pseudoplastic 
fluid. Shear stress decreases with increasing ultrasonic time 
when the shear rate is kept constant. At the same shear rate, 
the apparent PSP viscosity decreased with increasing ultra-
sonic time. The effects of ultrasonic time on PSP rheological 
properties were positively correlated, indicating that ultra-
sonic sound intensity and ultrasonic time have some equiva-
lent effects. With increasing PSP concentration, the viscosity 
coefficient k of PSP increased, but the increase in k was 
slowed down as ultrasonic time was increased. The shear-
thinning behavior of PSP increased with increasing ultra-
sonic time, and the degree of shear thinning increased with 
increasing potato starch molecular weight. PSP remained 
thixotropic in ultrasound fields. As the ultrasonic time 
became longer, the area of the thixotropic hysteresis loop 
decreased, and the degree of thixotropy of PSP was reduced. 
Moreover, PSP thixotropy in an ultrasonic field was related 
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to its concentration. PSP underwent conformational changes 
in the ultrasound field, but only part of the higher-order heli-
cal structure was destroyed. Macromolecules converted each 
other into various conformations in solution.
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