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Abstract: The effect of starch granule sizes, shapes, composition, and frequency on the dielectric
properties (dielectric constant, loss factor, and conductivity) of native and hydrothermally modified
starches (potato, corn, and rice starch) are investigated in this work. Dielectric properties are
determined from 5 Hz to 5 GHz. The modified starches exhibit lower dielectric properties than the
native starches from 5 Hz to 5 GHz due to the disruption of the native polysaccharide’s molecular
arrangement. The modified potato starch shows the highest loss factor (208.12 at 50 Hz and 19.95 at
500 Hz) and stable conductivity (~5.33 x 10~7 S/m at 50 Hz and 500 Hz) due to the larger continuous
network structure after hydrothermal modification. The rice starch shows the largest difference in
dielectric constant (47.30%) and loss factor (71.42%) between the modified form and native form
in the frequency range of 5 MHz-5 GHz. This is due to the restriction of dipole motions in the
closely packed structure after hydrothermal modification. The findings indicate that the quality of
starch modification can be characterized by dielectric properties for assisting starch-based plastic
production’s design.

Keywords: polymeric carbohydrate; relative complex permittivity; conductivity; gelatinization; re-
crystallization

1. Introduction

Starch is a macromolecule that is abundant in nature, inexpensive, renewable, biodegrad-
able, and easy to process. It is widely used in the food, pharmaceutical, biomedical, and
chemical industries nowadays [1-3]. Starch is subjected to numerous physical /chemical
treatments to modify its structure for the functional properties (physicochemical, optical,
electrical, and dielectric properties) required for specific technological applications [34].
There is growing interest in developing biodegradable plastics derived from natural re-
sources to mitigate the environmental pollution caused by plastic waste. Potato, corn,
and rice starches are potential sources of biodegradable plastics. These starches are en-
vironmentally friendly. Potato, corn, and paddy (rice) are widely cultivated throughout
the world and will eventually replace petroleum-based plastics [5-7]. Starch granules
are typically composed of alternatively arranged semicrystalline and amorphous regions.
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These regions are composed of polysaccharide macromolecules (linear-chain amylose and
branched-chain amylopectin) [8,9]. The physicochemical, functional, and structural proper-
ties of starch vary greatly with the amylose/amylopectin ratio [9,10]. Starch also contains
trace constituents (lipid, protein, ash, and phosphorus) that affect starch properties [11,12].
Water is commonly used to plasticize native starch granules due to its effectiveness. The
structure of the polysaccharide macromolecules in plasticized starch granules is modified
physically [13,14].

In hydrothermal treatment (thermal action in the presence of water), water diffuses
into the starch granule regions and triggers a series of starch granular structure disrup-
tions [2,15]. The starch granules subsequently swell due to amorphous regions that are
destabilized by water absorption. The water-saturated amorphous regions expand and
transmit disruptive stress to the semicrystalline regions of the starch granule [2,14]. The
semicrystalline regions in starch granules start to melt and transform into an amorphous lig-
uid state, subject to hydrothermal effects (mechanical shear stress and heat) [10,16,17]. This
eventually interrupts granular organization and causes the collapse of the granule structure.
Subsequently, the amylose molecules leach from the granules as the molecular mobility
increases [6,13,14]. During cooling, the disaggregated polysaccharide macromolecules reas-
sociate and gradually realign into a structure that differs from those in native granules [8,18].
Amylose and amylopectin molecules start to incorporate with other polysaccharide macro-
molecules and recrystallize into double helices through intermolecular interactions [13,18].
The infinite aggregation of the double helices generates a higher-order three-dimensional
crystalline network structure and crystallinity through the formation of hydrogen bonds
during water expulsion [17-19]. Native starch can be recrystallized by hydrothermal
modification, which disrupts native starch structures and facilitates interaction between
polysaccharide chains within the amorphous and crystalline domains.

Starch is susceptible to a variety of property-altering treatments, which results in un-
certainty of the modified starch’s characteristics for further material design. The potential
changes in the starch granule structures after complete recrystallization are crucial for
investigating the complexity of starch-based plastic production processes that expedite
the improvement of starch-based plastic production. Dielectric spectroscopy provides
interesting insights into the grain boundary, grain structure, charge storage capabilities,
and electrical transport properties of the material [9,20,21]. Dielectric spectroscopy is
widely used in investigating the polarization of a material in response to an oscillation
of an applied electric field. It describes the dielectric properties of a material. Dielectric
properties are a function of operating frequency, chemical composition, microstructure, and
other factors [9,21,22]. Changes in the physicochemical characteristics of modified starch
alter the electric dipole orientation and space charge mobility when interacting with mi-
crowave or radio frequency fields, thereby affecting the dielectric properties of the material
system. These dielectric properties are the rapid and nondestructive preliminary param-
eters for evaluating the starch phase transition qualities (granular variation, molecular
weight distribution, structural defect, and material interaction) during starch-based plastic
development [2,22,23]. Reorientation of the dipoles of the main/segmental polymer chains
and charge migration within the material under an applied electric field are the primary
mechanisms of electromagnetic radiation absorption in starch-based plastics [4,20,22]. The
starch-based material absorbs electromagnetic radiation due to the molecular polarity and
granular structure [20,21,24]. Several past studies were conducted regarding the influence
of temperature, water content, and gelatinization on the dielectric properties of various
native/gelatinized starches [1,4,15]. However, the dielectric response of the native starches
has not been adequately investigated over a wide frequency range. Meanwhile, there is no
information available on the study of the dielectric properties of the recrystallized starches
after physical modification.

In this study, the physically modified starches were fabricated using hydrothermal
treatment (gelatinization and recrystallization) and water (which acts as a plasticizer of
native starch). Frequency-dependent dielectric properties (dielectric constant, loss factor,
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and conductivity) were measured from 5 Hz to 5 GHz using the impedance analyzer
and vector network analyzer. The study aims to investigate and compare the dielectric
properties of starches from different sources, i.e., potato, corn, and rice in the native
form and modified form (after hydrothermal modification). This study hypothesized
that structural changes and polysaccharide molecular interactions of modified starches
could be evaluated through electrical responses that are influenced by starch granule sizes,
shapes, composition, and frequency. Herein, we identify possible factors that cause the
spectrum between native and modified forms of starch to vary in terms of the effect of
starch granule sizes, shapes, composition, and frequency. This research may provide new
perspectives for rapidly characterizing changes in starch molecular and granular structure.
This study attempts to gain a better understanding of the quality of starch modification
(material interactions) after being subjected to gelatinization and recrystallization via
dielectric characterization techniques. It has paramount importance in starch-based plastic
production’s design and material characterization.

2. Materials and Methods
2.1. Sample Preparations

Commercial native potato starch (native-Ps), corn starch (native-Cs), and rice starch
(native-Rs) were used. The composition and morphological properties of the starches are
shown in Table 1 [6,8,12,25]. The starch suspension was prepared by dispersing native
starch in distilled water and stirring for 15 min at 25 °C. The ratio of native starch to
distilled water was 1:3. Next, the starch suspension was heat pre-treated in the temperature
range of 55-65 °C for about 1 h. The pre-heated starch suspension was continuously stirred
at 300 rpm and heated at 95 °C for 15-25 min in a water bath. Subsequently, the gelatinized
samples were rapidly cooled to room temperature and then kept at 4 °C for 12 h. Then,
the modified starch was prepared by dehydrating the sample at a temperature range of
75-85 °C for 24 h. The dried samples were ground into a fine powder using a mortar and
pestle and compacted into disk-form pellets (20 mm diameter, 3 mm thickness) using a
uniaxial hydraulic press. Lastly, the samples were kept in a vacuum desiccator before
characterization. The physically modified potato starch, corn starch, and rice starch are
denoted as modified-Ps, modified-Cs, and modified-Rs, respectively, in this work.

Table 1. Composition and morphological properties of native starches.

Potato Corn Rice
Granule shape Lenticular Spherical /polyhedral Polyhedral
Size (um) 5-100 2-30 3-8
Average diameter (um) 36 15 5
Amylose (%) 18 28 35
Amylopectin (%) 82 72 65
Lipid (%) 0.1 0.6-0.8 0.6-1.4
Protein (%) 0.1 0.4 0.1-0.5
Ash (%) 0.2 0.1 0.1
Phosphorus (%) 0.09 0.01 0.07

2.2. Sample Characterizations

The dielectric properties are denoted by the complex permittivity, ¢*. This describes
the interaction of a material with the applied electric field, as expressed in Equation (1):

e =¢ —je" 1)

where ¢’ is the dielectric constant and ¢’ is the loss factor. The dielectric constant (&)
and the loss factor (¢””), which correspond to the real and imaginary parts of the relative
complex permittivity (¢*), are the dielectric properties of greatest interest in material
characterizations. The relative complex permittivity is the dielectric property that describes
the behavior of a material when it is placed in an electromagnetic field [9,15]. The dielectric
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constant indicates the ability of a material to store electrical energy and polarize when
subjected to an electric field, whereas the loss factor indicates the ability of the material to
dissipate energy in the form of heat in response to an applied electric field [9,26]. According
to the Debye principle, dielectric properties are related to conductivity, which provides
significant indices that can be used to determine the electrical response of a material to an
applied electric field [27,28]. The HIOKI IM3570 impedance analyzer was used to conduct
impedance measurements in the parallel capacitance and conductance mode (Cp-G) from
5 Hz to 5 MHz. The parallel capacitance (Cp) and conductance (G) were measured by
placing the studied sample under test in between two copper electrodes that were connected
to the impedance analyzer via the L2000 4-terminals probe. The impedance measurement
was conducted at room temperature with the excitation of oscillated voltage in 1.0 V. ¢/, ¢”
and conductivity (o), are expressed in Equations (2)—(4):

I CPd
=3 2)

,  Gd
&= egAw ©)
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where A is the base area of the studied sample, d is the thickness of the sample, ¢ is the
free space permittivity (8.85 x 10712 F/m), and w(=2nf) is the angular frequency [3,29].

For the frequency range of 5 MHz to 5 GHz, the dielectric properties of the samples
were measured with an open-ended coaxial-line probe kit in conjunction with the Agilent
Technologies E5071C ENA series vector network analyzer. The vector network analyzer
and probe kit need to be calibrated using the Short-Open-Load calibration standard, which
consists of a short-circuit block, air, and distilled water at 25 °C. The sample pellet makes
contact with the aperture of the probe. The measurements are taken at room temperature.
The complex reflection coefficient (Sj;) of the sample is determined using Agilent Tech-
nologies 85070E dielectric probe kit software to compute the dielectric constant (¢'), loss
factor (¢”’), and conductivity (o). In a capacitive approach, the Sj; can be expressed as
Equation (5):

1—jwZy(e*Co+Cy)

o= jo —
Sll |511|€‘] 1+]CUZ()(€*C0+Cf) )

where |S11| and ¢ are the magnitude and phase of the complex reflection coefficient,
respectively. In the meantime, the ¢’, ¢”, and o can be determined via Equations (6)—(8):

wCoZy (1 +2[S11| cos @ + |511\2) Co
2
e — L= Sul )

wCpZy (1 + 2‘511| cos @ + |S11 ‘2)
0= wepe” 8)

where Cj is the free space capacitance, C; is the fringe field capacitance, and Z is the
characteristic impedance of the coaxial line probe [28,30,31].

3. Results and Discussion
3.1. Dielectric Constant and Loss Factor over 5 Hz—5 MHz

The variation of ¢’ and ¢” of the native starches and modified starches over the frequency
range of 5 Hz-5MHz are shown in Figures 1 and 2, respectively. In Figures 1 and 2, ¢’
and ¢ of the native and modified form of starches decreased as the frequency increased.
This might be mainly ascribed to the reduction in the Maxwell-Wagner-Sillars interfacial
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polarization effect. In the low-frequency region, the space charges of the samples have
sufficient time to realign with the oscillation of the applied electric field. The interfacial
polarization effect is minimized as the frequency increases, because the space charges of the
samples are unable to react rapidly in full polarization before the polarity of the oscillated
electric field changes [21,23].
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Figure 1. Frequency dependence of dielectric constant of native form and modified form of starches
over the log frequency.
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Native potato starch is found to have regular and lenticular shape granules (5-100 um)
with concentric striations. Native corn starch is presented in the homogenous spherical and
polygonal granules (2-30 um) with a distinct cavity in the center or 2-5 rays cleft. Native
rice starch has irregular and polygonal granules (3-8 pm) with a simple or compound
structure. This structure has about 2-150 polyhedral components [8,12,25,32]. A schematic
diagram for the native starch granule structure is shown in Figure 3. At 50 Hz, the native-Rs
exhibit the highest ¢’ of 51.62, followed by the native-Cs (45.36) and native-Ps (39.23), as
shown in Figure 1. This might be due to the compound structure of the native rice starch
granules and the sharp-edged polyhedrons that lead to a vast amount of insulating grain
boundaries for the accumulation of the space charges, which results in the increment of the
interfacial polarization [33,34]. On the other hand, the polygonal-shaped granules of the
native corn and rice starch exhibit the angular sides that imply the ability of starch granules
to form a close-packed structure (as shown in Figure 3). This is beneficial to the progress of
the pile up and polarization of the space charges at the grain boundary [3,8,33].

) \ gi{\
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Figure 3. Native starch granule structure: (a) potato starch, (b) corn starch, and (c) rice starch.

However, the native-Ps show the highest ¢’ (31.48 at 500 Hz and 20.97 at 5 kHz)
compared with the native-Rs (27.52 at 500 Hz and 19.37 at 5 kHz) and native-Cs (23.60
at 500 Hz and 16.88 at 5 kHz) at the frequency of 500 Hz and 5 kHz. Potato starch
exhibited the highest average granule size (36 um in diameter), followed by corn starch
(15 pm in diameter). Meanwhile, rice starch shows the smallest average granule size
(5 pm in diameter) [8,25]. The results show that the larger granule size of the native
potato starch significantly induces space charge accumulations at the grain boundary to
create a potential barrier for interfacial polarization [3,21,24]. It is also clearly indicated
that the modified starches exhibit a lower ¢’ compared to the native starches. This might
be attributed to the structural rupture of the starch granules when they are subjected to
hydrothermal modification, and the defects of the grain boundaries reduce the capability
of the accumulation of the space charges [21,22,33]. The modified-Rs show the lowest
¢’ compared with the native-Rs from 5 Hz-5 MHz. This is because the modified-Rs
experience a drastic decrement, by roughly 112.77%. The ¢’ of the modified-Cs decreases
by about 46.44% when compared with the native-Cs. Meanwhile, the ¢’ of the modified-Ps
decreased by about 35.30% when compared with the native-Ps within 5 Hz-5 MHz. The ¢’
of the modified-Ps is higher than that of the modified-Rs from 5 Hz-5 MHz, as shown in
Figure 1. This might be due to the hydrothermal modification that leads to the destruction
of the native rice starch. The destruction is more significant than in the native potato
and corn starch. The modified rice starch fails to maintain a native granular structure
due to disruption of the starch granules. The modified corn starch and potato starch
can mitigate further rupture to the native granular structure due to the stability of their
native granular structures and higher amylopectin content (which is primarily responsible
for the starch granule’s structural rigidity) [8,11,35]. Thus, the interfacial polarizability
of the modified rice starch is highly reduced, because it lacks grain boundaries for the
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space charge polarization. In the high-frequency range, the ¢’ of all samples remains
constant. This indicates that dipole polarization, instead of the interfacial polarization,
plays a predominant role and starts to take effect [1,27].

In Figure 2, the native form of the starches shows the decrement order of the loss
factor as native-Ps >native-Rs > native-Cs for the frequency at 50 Hz, 5 kHz, 50 kHz,
and 500 kHz. This might be due to the concentric layer structures of the native potato
starch (as shown in Figure 3a) that result in a higher energy dissipation of the space charge
migration when it is subjected to the time-varying electric field. Meanwhile, the native rice
starch granules in polyhedral compound structures (as shown in Figure 3c) dissipate more
heat energy during interfacial polarization when compared with the simple polyhedral
structures of the native corn starch granules (as shown in Figure 3b) [3,21,28]. In addition,
the native-Ps show a lower ¢” (8.43) compared with the native-Cs (10.39) and native-Rs
(11.81) at 500 Hz, as shown in Figure 2. This might be associated with the larger granular
size of the native potato starch, which is independent of energy dissipation during the
interfacial polarization at 500 Hz [9,21]. The ¢” of the modified-Cs and modified-Rs is
generally lower than that of the native forms of the starches from 5 Hz-5 MHz, but not for
the modified-Ps. It can be noticed that the ¢’ of the modified-Ps (208.12 at 50 Hz and 19.95
at 500 Hz) is greater than that of the native-Ps (36.38 at 50 Hz and 8.43 at 500 Hz) at the
frequency of 50 Hz and 500 Hz. Meanwhile, the modified-Ps exhibit a higher ¢”, followed
by the modified-Cs and modified-Rs, within the 5 Hz-5 MHz frequency range, as shown in
Figure 2. Generally, the ¢” of the modified starches over frequency is expected to be lower
than that of the native starches when the interfacial polarizability of the modified starches
recedes. However, this might be attributed to the recrystallization of the native potato
starch into a larger continuous network structure after the hydrothermal modification,
which can enhance the energy dissipation during the interfacial polarization, especially in
a low-frequency region [3,8,34].

3.2. Dielectric Constant and Loss Factor over 5 MHz—5 GHz

Figures 4 and 5 display the variation of the ¢’ and ¢” versus frequency (5 MHz-5 GHz)
for the native and modified forms of the starches, respectively. In Figure 4, the ¢’ of the
native and modified forms of the starches decreased steadily when the frequency was
increased from 0.5 GHz to 5.0 GHz, and it decreased significantly at a lower frequency
region, i.e., <0.5 GHz. At low frequencies, the permanent and induced dipoles can align
synchronously with the oscillation of the electric field. As the frequency increases, the
dipoles are unable to fully polarize with respect to the oscillating polarity of the applied
field. A full polarization requires dipoles to react synchronously with the time-varying
electric field [26,28]. Hence, the ¢’ spectra of the samples show a steep high gradient in
the low-frequency region, whereas a lower gradient can be observed in the high-frequency
region. As shown in Figure 4, the ¢’ of the native-Ps is the highest in the 5 MHz-5 GHz
range. However, the ¢’ of the native-Rs (5.34) exhibits a higher value than the native-Cs
(5.22) at 0.5 GHz. The dipole polarization plays a major role from 5 MHz to 5 GHz. The
native rice starch has the highest amylose content, at 35%, as shown in Table 1. At lower
frequencies, linear amylose molecules align more readily than large, branched amylopectin
molecules to achieve full polarization when subjected to an oscillating electric field. Hence,
the contribution of the amylose molecules becomes insignificant, whereas the effect of the
amylopectin molecules becomes prominent in the dipole polarization when the frequency
increases. The presence of the amylopectin molecules’ side-chain branches might lead to a
significant increment in the dipole’s diffusion when it is subjected to the oscillated electric
field [1,2,23,36]. Thus, the native potato starches (amylopectin content of 82%) are easier to
conduct full dipole polarization when compared with the native corn starch (amylopectin
content of 75%) and native rice starch (amylopectin content of 65%).
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Figure 5. The variation in ¢” of native and modified starches over the frequency.

The ¢’ of the native starches is greater than that of the modified starches, as shown
in Figure 4. The difference in ¢’ between the modified and native forms of rice starch
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was the largest (47.30%) in the 5 Hz-5 MHz range. In the range of 5 MHz-5 GHz, the ¢!
of the modified-Ps is decreased by about 41.50% compared with the native-Ps, whereas
the ¢’ of the modified-Cs is decreased by about 39.97% compared with the native-Cs.
Meanwhile, the ¢’ of the modified-Rs is lower than that of the modified-Ps. The modified-
Cs and modified-Ps have a similar ¢’. The unrestricted rotational and vibrational motion
of the dipoles (full polarization) results in a higher ¢’ of the native starches when exposed
to an oscillating electric field. However, the modified starches exhibit a close-packed
structure via recrystallization, using the leached polysaccharide molecules to link the starch
granules to form a recrystallized continuous network structure that promotes restricted
dipole movement, resulting in a lower ¢’. Figure 6 depicts a schematic diagram of the
recrystallized starch chain distribution. Native rice starch has a higher amylose content
compared to the other native starches, which is associated with a higher tendency to
recrystallize after hydrothermal modification. The significant decrement in the ¢’ of rice
starch is attributed to the charge immobilization induced by the formation of abundant
intermolecular hydrogen bonds in the modified rice starch after recrystallization [4,11,35].
In the frequency range of 5 MHz-5 GHz, the ¢” of native-Ps is higher than that of native-
Rs and native-Cs, as shown in Figure 5. The native rice starch with lower amylopectin
content is presumed to have a lower molecular weight than the native potato starch and
native corn starch. The lower molecular weight of the native rice starch might be due to
ineffective energy dissipation, resulting in the lowest ¢” [37,38]. However, the native-Cs
have a lower ¢ than the native-Rs. When compared to native-Ps and native-Rs, the ¢ of
the native-Cs appears frequency-independent from 1.5 GHz to 3.5 GHz. Meanwhile, the ¢
of the native-Cs seems frequency-independent from 1.5-3.5 GHz when compared with the
native-Ps and native-Rs. This might be due to the lower degree of polymerization of the
native corn starch’s polysaccharide macromolecules (amylose and amylopectin) compared
with the native rice starch. The native corn starch might be insensitive to the variation of
frequency of the applied electric field, and it has a low energy dissipation [11,12,26].
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Figure 6. Schematic representation of the recrystallized starch chain distribution.

As seen in Figure 5, the ¢’ of the native and modified forms of the starches exhibits
two peaks, at 0.5 GHz and 4.5 GHz. It can be observed that ¢’ exhibits a major decline
from 5 MHz-1 GHz and a minor decline from 4-5 GHz (Figure 4). The relaxation peak
implies the rotations of the permanent dipoles that fail to react synchronously with the
oscillation of the applied field as the frequency exceeds the relaxation frequency of the
starches, resulting in a higher dissipation of energy and the presence of the maximum
peak of ¢”. This might be mainly due to the presence of the hydroxyl side groups (-OH)
and hydroxymethyl side group (-CH;OH) of the starches, which carry permanent dipole
moments [2,9,22]. The loss factor reduction is relatively larger (71.42%) for the modified-Rs
when compared with the other samples in the frequency range of 5 MHz-5 GHz. In the
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range of 5 MHz-5 GHz, the ¢” of the modified-Ps decreases by about 57.18% compared
with the native-Ps, whereas the ¢’ of the modified-Cs decreases by about 44.06% compared
with the native-Cs. The ¢” of the modified-Ps is higher than that of the other modified
starches, as shown in Figure 5. The high amylose content leads to the recrystallization of
the native rice starch into a closely packed structure with a high order after hydrothermal
modification. The cancellation of dipole moments between the reordered hydroxyl side
groups (-OH) and hydroxymethyl side group (-CH,OH) of the recrystallized rice starches
at each alternating carbon backbone is due to their directions, which oppose one another.
Thus, the decrement in the ¢” can be attributed to the reduction in dipole moments in the
amylose content of the modified starches [11,24,35].

3.3. Electrical Conductivity over 5 Hz—5 MHz and 5 MHz—5 GHz

Figures 7 and 8 show the frequency-dependent o for all the samples from 5 Hz-5 MHz
and 5 MHz-5 GHz. Figure 7 exhibits the average lower o spectrum from 5 Hz-5 MHz
than the o spectrum from 5 MHz-5 GHz in Figure 8. The frequency-dependent properties
of the o are associated with the hopping of charge carriers from one localized state to
another upper state in the conduction band. Charge carrier hopping can be accelerated by
increasing the frequency of the applied electric field [27,28].
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Figure 7. Frequency dependence of o of native form and modified form of starches over the frequency
range of 5 Hz-5 MHz.
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Figure 8. Frequency dependence of o of native form and modified form of starches over the frequency
range of 5 MHz-5 GHz.

At a low frequency (50-500 Hz), the modified-Ps show a more stable o than the other
samples as per the static plateau behavior that can be seen in Figure 7. It can be also shown that
the modified-Ps show a higher ¢ (5.33 x 1077 S/m) than the modified-Rs (6.26 x 1078 S/m)
and modified-Cs (5.02 x 1078 S/m) at 50 Hz and 500 Hz. At lower frequencies, the charge
carriers get sufficient time to hop, and the mobility of the charge carriers is enhanced by
the continuous conductive pathways among the recrystallized potato starches. The larger
granular size of the native potato starch is beneficial to the formation of a continuous network
structure among starch granule aggregates after hydrothermal modification [8,23,28]. The
native-Ps show a higher o than the other samples, as shown in Figures 7 and 8. A high o is
obviously due to the high amount and mobility of the charge carriers. The native potato
starch exhibits a higher o, which is attributed to the higher number of charge carriers that
mainly originate from the polar groups of the amylopectin and phosphorus. On the other
hand, the mobility of the charge carriers is enhanced [28,38,39]. The modified starches
show a lower o than the native starches at high frequencies, which may be due to the
higher-order continuous network structure and strong hydrogen bonds that restrict the
mobility of the charge carriers [28,40]. In addition, the native-Cs (0.21 S/m) exhibit a higher
o than the native-Rs (0.19 S/m) at the frequency of 4.5 GHz, as shown in Figure 8. Different
charge carriers in the material system require different amounts of activation energy for the
charge carriers to hop from one conductive site to another. The other charge carriers of the
native corn starch might be activated with sufficient energy for the charge carrier to hop at
a higher frequency range, resulting in a sudden rise in the o [23,28].

4. Conclusions

The dielectric properties (¢/, ¢, and o) of starches (potato, corn, and rice starch) in
their native and hydrothermally modified forms were investigated in the 5 Hz-5 GHz
range. Overall, the dielectric properties of modified starches from 5 Hz-5 GHz are lower
than that of native starches. This is due to the disruption of the polysaccharide’s molecular
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structure in terms of arrangement within the starch granule. The modified potato starch
illustrates a higher ¢’ and a more stable o at 50 Hz and 500 Hz than the other starches.
This can be attributed to the larger continuous network structure of the potato starch after
hydrothermal modification. The modification enhances the energy dissipation during
the interfacial polarization. The rice starch exhibits the largest difference in ¢’ and ¢”
between the modified and the native form over the frequency range of 5 MHz-5 GHz.
This is attributed to the charge immobilization induced by the formation of abundant
intermolecular bonds in the closely packed structure after recrystallization. In the meantime,
the relaxation peaks of ¢” can be noticed at 0.5 GHz and 4.5 GHz. The relaxation peaks are
mainly attributed to the effect of the hydroxyl side groups and hydroxymethyl side group
of the starches, which have strong permanent dipole moments. The results of this work
provide a new perspective on material characterization, and the dielectric characterization
has a promising potential for quality assessment in starch-based plastic development.
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