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Non-chemical modification of tapioca starch was investigated using jet atmospheric argon plasma treat-
ment. Two forms of starch slurry, i.e. granular starch (G) and cooked starch (C), were jet-treated by
argon plasma generated by supplying input power of 50 W (denoted as G50 and C50 samples) and 100 W
(denoted as G100 and C100 samples) for 5 min. Physical, rheological, and structural characteristics of
the modified starch were investigated. The G50 and C100 samples had lower paste clarity but higher
thermal stability and performed stronger gels (G50 only) compared to their control counterparts. On
the other hand, the analyzed properties of the G100 and C50 samples showed the opposite trend. FTIR
and 'H NMR results revealed that the relative areas of C—O—C and OH peaks were changed after the
treatment. Cross-linking reaction seemed to predominantly take place for the G50 and C100 samples,
whereas depolymerization predominated for the G100 and C50 samples.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction methods could overcome the shortcomings of chemical modifica-
tions due to no chemical residues, and cost reduction in chemicals

Tapiocais one of the mostimportant industrial crops in Thailand. and waste water treatment.

Tapioca starch, obtained from cassava root processing, is used for
a wide range of applications including foods and non-foods. The
physical characteristics of tapioca starch paste are odorless, high
clarity and high stickiness. However, the native starch paste has
some shortcomings in food applications such as unstable viscos-
ity to heat, acid and shear forces, weak structure and undesirable
gel characteristic. These drawbacks could be overcome by starch
modification including physical and chemical methods. Chemical
methods typically give high efficiency in starch modification but
their disadvantages are concerned in points of food safety, and cost
of chemicals and waste water treatment. In the contrary, physical
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Among the physical modification methods, plasma treatment is
recognized as one of novel methods to the area of starch modifica-
tions (Deeyai, Jitsomboonmit, Soonthonchaikul, Suphantharika, &
Dangtip, 2010; Deeyai, Suphantharika, Wongsagonsup, & Dangtip,
2013). Plasma is an ionized gas consisting of various types of
highly active species, e.g. electrons, ions, excited atoms and photons
(Bogaerts, Neyts, Gijbels, & Van der Mullen, 2002; Raizer, 1991).
The plasma is induced when supplying enough energy to gas under
suitable conditions. For applications in starch modifications, the
plasma treatments were mostly conducted under vacuum of which
pressure was far below atmospheric pressure (Lii, Liao, Stobinski,
& Tomasik, 2002a, 2002b, 2002c; Pashkuleva, Marques, Vaz, &
Reis, 2010; Szymanowski, Kaczmarek, Gazicki-Lipman, Klimek, &
Wozniak, 2005; Zou, Liu, & Eliasson, 2004). In such treatments,
several gases, such as ethylene, hydrogen, oxygen, ammonia,
air, methane, argon and so on, were utilized as plasma source.
These treatments were able to modify starch in different aspects
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depending on plasma types and conditions used. The modifications
were, for examples, increase in surface energy, increase or decrease
in hydrophilicity, oxidation, bond breaking or depolymerization,
and cross-linking. Nevertheless, stable glow discharge plasma of
air, argon, oxygen and nitrogen was reported to be able to conduct
at atmospheric pressure using a source operating at 50 Hz (Okazaki,
Kogoma, Uehara, & Kimura, 1993).

Recently, the utilization of dielectric barrier discharge (DBD)
argon plasma at atmospheric pressure on starch modifications has
been explored by Deeyai et al. (2010, 2013) and found that cross-
linking reaction took place in tapioca starch especially under low
relative humidity. Dealing with atmospheric pressure condition
could be easy for handling and economical in terms of energy usage.
However, starch was prepared in thin tablet form or thin layer
before treating under DBD atmospheric argon plasma because the
possible gap between two electrodes was just a few mm (Deeyai
et al., 2010, 2013). Also, only starch granules on the surface of the
tablet can be exposed to plasma. Applying jet argon plasma could
lend further flexibility to DBD plasma, namely, being able to treat
starch in other forms, for example, slurry, thus allows the starch
sample to be treated more thoroughly.

At present, however, to the best of our knowledge, there is no
research on the modification of starch using jet argon plasma at
atmospheric pressure. Thus, the objectives of this research were
to modify tapioca starch using jet atmospheric argon plasma, to
determine physical and rheological properties and characterize
functional structures of the modified starch; and finally to propose
the possible mechanisms following jet argon plasma treatment
under atmospheric pressure. Two forms of starch slurry, i.e. gran-
ular starch (intact granules) and cooked starch (well dispersed
suspension), were used in this study in order to investigate effects
of the slurry form on type of reaction and reaction pattern occurring
during the treatment.

2. Materials and methods
2.1. Materials

Tapioca starch was kindly provided by Siam Modified Starch
Co. Ltd. (Pathum Thani, Thailand). Potassium thiocyanate (KSCN)
(Ajax Finechem Pty Ltd., Taren Point, Australia) for FTIR analysis
and dimethyl sulfoxide-dg (DMSO-dg) (Cambridge Isotope Labora-
tories, Inc., Andover, MA) for '"H NMR analysis were of analytical
grade.

2.2. Sample preparation for jet argon plasma treatment

Two forms of starch slurry were prepared as granular and
cooked starch. For granular starch, 0.4 g of starch was dispersed
in 1.6 g of distilled water to obtain a starch concentration of 20%
(w/w). The slurry was thoroughly mixed using a magnetic stirrer.
For cooked starch, 0.1 g of starch was dispersed in 4.9 g of distilled
water to obtain a concentration of 2% (w/w), the slurry was then
boiled for 2 min with stirring. The cooked starch was cooled to
room temperature (25°C) for 7 min before subjecting to plasma
treatment.

2.3. Jet argon plasma treatment under atmospheric pressure

The schematic diagram of jet atmospheric argon plasma setup
is shown in Fig. 1. Argon plasma was induced by supplying suf-
ficient input power and high frequency (HF) to argon gas under
atmospheric pressure. In this study, the input power supplied for
generating plasma was 50 or 100 W. The HF of power supply was
about 600 MHz. The starch slurry was treated by jet argon plasma
for 5min. During the treatment, slurries of both granular and

HF power
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Fig. 1. Schematic diagram of jet atmospheric argon plasma set up.

cooked starch were continuously stirred using a magnetic stirrer
to prevent sedimentation.

2.4. Handling of sample after plasma treatment

After the treatment, the plasma-treated starch was centrifuged
and dried at 40 °C overnight. Absolute ethanol was used to precipi-
tate cooked starch sample before centrifugation. The dried samples
were kept in a chamber containing saturated Mg(NOs3), with 50%
relative humidity to equilibrate moisture content of all samples.

2.5. Starch paste clarity determination

Clarity of starch paste was determined by measuring light trans-
mittance according to the modified method of Craig, Maningat,
Seib, and Hoseney (1989). Starch paste solution (1%, w/v) was
prepared by suspending 0.25g starch in 25mL distilled water
in a 50-mL centrifuge tube and then placed in a boiling water
bath for 30 min with mild stirring. After cooling to room tem-
perature for 10 min, the percentage of light transmittance (%T) at
650 nm was determined against distilled water using a double-
beam UV-vis spectrophotometer (UV 1800, Shimadzu Corporation,
Kyoto, Japan).

2.6. Thermogravimetry analysis

Thermogravimetry analysis was performed using a thermo-
gravimetric analyzer (TGA) (Mettler-Toledo AG, Schwerzenbach,
Switzerland). Starch powder sample was heated from 25°C to
500°C at a heating rate of 10°C/min in a nitrogen stream. Per-
cent weight loss was calculated by the percent weight difference
between 270°C and 350°C (Lii et al., 2002b, 2002c).

2.7. Differential scanning calorimetry analysis

Sample was mixed with distilled water at a ratio of 1:3 (w/w),
hermetically sealed in an aluminum pan, and then equilibrated
at room temperature for 1h. The sample was heated from 25°C
to 100°C at a heating rate of 10°C/min using a differential scan-
ning calorimeter (DSC) (DSC-1 STAR® System, Mettler-Toledo AG,
Schwerzenbach, Switzerland). A sealed empty pan was used as a
reference. Onset (T, ), peak (Tp), and conclusion (T¢) gelatinization
temperatures and enthalpy change (AH) of gelatinization of starch
were recorded.

2.8. Microscopic observation

In order to investigate the relationship between rheological
properties and microscopic structures of starch dispersions, all
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Table 1

Light transmittance (%T at 650 nm) of the plasma-treated granular and cooked starch paste solutions (1%, w/v) and DSC thermal properties of the plasma-treated granular

starch compared with those of the untreated starch samples.?

Sample Light transmittance DSC thermal properties®

Granular starch Cooked starch To (°C) T, (°C) Tc (°C) AH (J/g)
Untreated 349 £ 0.1b 75.0 £ 0.1b 64.0 + 0.1a 70.2 £0.1a 79.1 £0.1a 14.2 + 1.0ab
50-W-treated 32.6 £0.1c 782 +1.7a 64.4 + 0.5a 70.4 + 0.5a 79.6 + 0.8a 14.9 + 0.6a
100-W-treated 39.5 + 0.9a 72.8 £ 1.1c 64.1 £ 0.3a 70.4 £ 0.5a 79.0 £ 0.4a 13.0 £ 0.2b

2 Mean + standard deviation values in the same column with different letters are significantly different (P<0.05).
b To, Tp, and Tc are the onset, peak, and conclusion gelatinization temperatures, respectively. AH is the gelatinization enthalpy.

starch pastes prepared for rheological analysis were observed
under an optical microscope (Olympus BX51, Olympus Optical Co.
Ltd., Tokyo, Japan) with iodine (0.2%, w/v) staining.

2.9. Rheological analysis

Starch pastes (6%, w/w) were prepared by heating starch sus-
pensions in a boiling water bath for 20 min. After cooling to room
temperature (~10min), the pastes were subjected to rheological
analysis. Dynamic viscoelastic property and steady flow behavior of
the sample were determined at 25 °C using a rotational rheometer
(Gemini 200 HR Nano, Malvern-Bohlin Instruments, Worcester-
shire, UK) with a cone and plate geometry (titanium cone with 1°
cone angle, 40 mm diameter, and 0.07 mm gap). Before each mea-
surement, the sample was pre-sheared at a shear rate of 0.01s!
for 10 s and equilibrated for 10s. The frequency sweep range was
0.1-100rads~! with controlled stress at 1Pa for granular starch
samples and 0.3 Pa for cooked starch samples, which were in the lin-
ear viscoelastic region (LVR). The degree of frequency dependence
was determined by power law parameters as:

G =Awb (1)

where G’ is the storage modulus (Pa), w is the oscillation fre-
quency (rads~1), and A and B are the constants (Khondkar, Tester,
Hudson, Karkalas, & Morrow, 2007; Yoneya, Ishibashi, Hironaka, &
Yamanoto, 2003).

After oscillatory test was completed, the sample was subjected
to steady flow measurement. The cone was programmed to ramp
up and down in 2 cycles with shear rates of 1-300s~! for 3005 in
each cycle. The data of shear stress and shear rate of shear ramping
up of the second cycle was used to characterize flow behavior of
the sample and to estimate the power law parameters by using the
following equation:

o =Kp" (2)

where o is the shear stress (Pa), ¥ is the shear rate (s—1), K is the
consistency coefficient (Pas™), and n is the flow behavior index
(dimensionless).

2.10. Fourier transform infrared (FTIR) spectroscopy
measurement

FTIR spectra were recorded (64 scans with a spectral reso-
lution of 4cm~1) in attenuated total reflection (ATR) mode on
a Nicolet 6700 FTIR spectrometer (Thermo Electron Corporation,
Madison, WI, USA). The detector was cooled with liquid nitro-
gen before collecting spectra for at least 20 min. The absorbance
spectra were computed between 4000 and 400cm~!. The sam-
ple spectra were recorded against a background spectrum which
was a spectrum without sample in place. All measurements were
analyzed using OMNIC software. Quantitative measurement of
specific functional group in structure of starch molecules was per-
formed using an internal standard FTIR technique (Davis, Erickson,
Johnston, Delfino, & Porter, 1999). Potassium thiocyanate (KSCN)

was chosen as an internal standard. The spectral data were base-
line corrected and normalized against the KSCN internal standard
peak at 2050 cm™1.

2.11. Proton nuclear magnetic resonance (! H NMR) measurement

The starch samples were dissolved in dimethyl sulfoxide-dg
(DMSO-dg). At first, 0.2 g of starch powder was dissolved in 1 mL
DMSO-dg. The solution was then stirred for 10 min before keep-
ing in an oven at 80 °C for two days to completely solubilize starch
molecules (Liu, Chaudhary, Yusa, & Tadé, 2011). The 'H NMR spec-
tra of the starch samples were obtained using a Bruker DPX 300
NMR spectrometer at 300 MHz (Germany). The NMR data was col-
lected for 100 scans to obtain good spectra. The chemical shift of
DMSO-dg was calibrated at 2.49 ppm (Dragunski & Pawlicka, 2001;
Zou et al.,, 2004). The peak of H-4, H-5 (chemical shift of 4.5 ppm)
assigned to a-D glucose was considerably stable, indicating that it
was unaffected by the plasma modification. Thus, the H-4, H-5 peak
was performed as an internal standard (Zou et al., 2004). The peak
found at 5.0 ppm was corresponded to the hydroxyl groups (R-OH)
(Cheng & Neiss, 2012; Dragunski & Pawlicka, 2001). The relative
area of hydroxyl group in each spectrum to the area of H-4, H-5
peak was calculated.

2.12. Statistical analysis

Experimental data were analyzed using SPSS statistical soft-
ware version 13.0 (SPSS Inc., Chicago, IL, USA). Analysis of variance
(ANOVA) was performed using Duncan’s multiple range test to
compare mean values. Significant difference was defined at P< 0.05.

3. Results and discussion
3.1. Starch paste clarity

The possible main reactions occurred during plasma treatment
can be cross-linking and depolymerization (Lii et al., 2002a, 2002b,
2002c; Zou et al., 2004), depending on plasma type and set-up
condition, which alter the physicochemical properties of native
starch. The cooked starch slurry encountered the cooking process
twice, i.e. during sample preparation for plasma treatment and
paste clarity analysis, resulting in almost complete dispersion with
few of small aggregates, and thus exhibited higher clarity than its
granular starch slurry counterpart (Table 1). It has been reported
that the light transmittance value of pre-gelatinized cold-water-
soluble starch was higher than that of the native one (Bello-Pérez,
Romero-Manilla, & Paredes-L6pez, 2000). The 50 W plasma-treated
granular starch (G50) and the 100 W plasma-treated cooked starch
(C100) had significantly lower paste clarity than their untreated
counterparts (Table 1), probably due to the predominant effect
of cross-linking reaction occurred during the plasma treatment.
Cross-linking of starch has been reported to reduce clarity or light
transmittance of starch paste (Craig et al., 1989; Jyothi, Moorthy, &
Rajasekharan, 2006; Kaur, Singh, & Singh, 2006; Kerr & Cleveland,
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Fig. 2. TGA thermograms and %weight loss of the untreated starches (GO and C0) and plasma-treated starches at 50 W (G50 and C50) and 100 W (G100 and C100). A: granular

starch (G), B: cooked starch (C). *sWeight loss = %weight at 270 °C — %weight at 350 °C.

1959; Koo, Lee, & Lee, 2010; Reddy & Seib, 2000). Lim and Seib
(1993) proposed that determination of light transmittance of chem-
ically phosphorylated starch pastes can be an alternative test to
determine the extent of cross-linking of starch. Cross-linking pre-
vents starch chains from dissociation, thus cross-linked starch
paste has more entanglement structure than the native starch
one, resulting in a decreased paste clarity. On the other hand, the
light transmittance values of the 100 W plasma-treated granular
starch (G100) and the 50 W plasma-treated cooked starch (C50)
were significantly higher than those of their control counterparts
(Table 1), which might signify the preference of the depolymeriza-
tion effect to the cross-linking one. The shorter or smaller starch
molecules dispersed and solubilized easily during gelatinization,
leading to the more dissociated starch molecules, which facilitate
improved paste clarity. It is well recognized that depolymerization
of starch by chemical modification such as acid thinning causes an
increase in light transmittance of acid-thinned starch pastes com-
pared to those of the native ones (Dutta, Paul, Kalita, & Mahanta,
2011; Lawal, 2004; Sandhu, Singh, & Lim, 2007). The increased light
transmittance of acid-thinned starch paste is due to its decreased
retrogradation tendency (Sandhu et al., 2007).

3.2. Thermogravimetric analysis

Thermogravimetric results showed that weight losses of the G50
and C100 samples were less than those of their native counter-
parts during heat treatment (Fig. 2). On the other hand, the G100
and C50 samples showed the opposite trend, i.e. weight losses
were increased after plasma treatment, indicating their relatively
weaker structure. It means that the G50 and C100 samples had more
thermal stability and relatively stronger structure after plasma
treatment, which might be due to the predominant occurrence of
cross-linking reaction during plasma treatment. Singh and Nath
(2012) reported that cross-linked sago starch exhibited more ther-
mal stability as compared to native sago starch. Thus, the causes of
their relatively weaker structures of the G100 and C50 might come
from the higher profound depolymerization effect. These results
are in good agreement with those reported by Lii et al. (2002b,
2002c), who described that depolymerized starches obtained from
low pressure ammonia, hydrogen, oxygen, and ethylene plasma
treatment exhibited an increase in weight loss compared to the
native ones.

3.3. Differential scanning calorimetry (DSC)

As DSC analysis was performed to determine gelatinization
characteristics of starch, therefore this technique cannot be applied
for analysis of the cooked starch samples. Thermal properties of
untreated and plasma-treated granular starch samples by DSC

analysis are shown in Table 1. Gelatinization temperatures, i.e.
To, Tp, and T, of all treated samples were not significantly dif-
ferent from those of the untreated one. However, AH of the
G50 sample was slightly higher than that of the control, but
significantly higher than that of the G100 sample. It has been
reported that the AH of starch increased with increasing level of
cross-linking while gelatinization temperature was not affected
by cross-linking (Choi & Kerr, 2004; Yeh & Yeh, 1993). Jyothi
et al. (2006) found that AH of cross-linked starch increased with
increasing degree of cross-linking, but the gelatinization tem-
peratures slightly reduced after cross-linking. The cross-linking
reaction retains the integrity of starch granules, thus more heat
or energy was needed for gelatinization (Rutenberg & Solarek,
1984). The AH reflects mainly the loss of double helical structure
rather than crystalline order, higher AH indicates higher gran-
ule stability (Cooke & Gidley, 1992). In contrast, cross-linking of
banana starch with STMP/STPP and EPI exhibited an increase in
gelatinization temperatures, but a slight decrease in AH (Carmona-
Garcia, Sanchez-Rivera, Méndez-Montealvo, Garza-Montoya, &
Bello-Pérez, 2009). The AH of cross-linked potato starch was var-
ied (either decreased or increased) depending on the concentration
of POCl3 used in the reaction (Yoneya et al., 2003). Chatakanonda,
Varavinit, and Chinachoti (2000) reported that AH was not affected
by cross-linking. Therefore, according to earlier reports, the effect of
cross-linking on gelatinization properties has been found to depend
on the nature of the starch source and the cross-linking condi-
tions used. In case of depolymerization effect, the obtained results
are consistent with those of Lépez, Zaritzky, and Garcia (2010),
who reported that depolymerized corn starch by acid modifica-
tion showed unchanged gelatinization temperatures, while its AH
was lower than that of the native one. The AH of acid-thinned
normal and waxy corn starches decreased as compared to those
of their native counterparts (Sandhu et al., 2007). Some degree of
amorphous regions might be lost during acid treatment.

3.4. Microscopic observation

Prior to rheological testing, the morphological structure of
starch paste was observed under an optical microscope in order to
determine structure-rheology relationship. There was no swollen
granule remained in the paste for all samples. The granules were
mostly disintegrated and only a few degraded granule remnants
were observed in the case of G samples (data not shown). The
untreated cooked starch (C0) had completely dissolved after gela-
tinization (Fig. 3A). The plasma treatment at 50 W (C50) and 100 W
(€100) induced formation of undissolved, highly cross-linked clus-
ters of starch molecules as shown in Fig. 3B and C, respectively.
In the cooked starch sample, most of the starch molecules dis-
persed freely. When one point of cross-linking occurred during
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B

Fig. 3. Optical micrographs of iodine-stained pastes (6%, w/w) of the untreated and plasma-treated cooked starches: (A) CO, (B) C50, and (C) C100.

plasma treatment, it can contribute other cross-linking points to
be occurred in the adjacent starch chains, resulting in the undis-
solved, highly cross-linked clusters. The cross-linking was more
pronounced for the C100 sample than the C50 sample as evidenced
by a higher number of cross-linked clusters observed in Fig. 3C than
in B. Consequently, starch concentration in a continuous phase of
the C100 sample was substantially diluted.

3.5. Rheological properties

For dynamic viscoelastic properties, the magnitudes of elastic
behavior, storage modulus (G’), and viscous behavior, loss mod-
ulus (G”), plotted as a function of angular frequency can provide
information on gel structure. The magnitude of G’ of all G samples
was slightly higher than that of the G” along the frequency range
tested (Fig. 4A and B) and both G’ and G” were frequency-dependent
(the constant B>0 in Table 2), indicating that all G paste samples
had soft gel behavior. Moreover, the G50 paste exhibited a lower
magnitude of loss tangent (tan §), i.e. a value of G”/G/, than the con-
trol one (GO) (Fig. 4C), indicating that the G50 paste had stronger
gel structure than the GO, presumably due to an enhancement by
cross-linking reaction. In contrast, the G100 paste exhibited lower
magnitudes of both G’ and G” and higher values of tan § than the GO
paste, indicating a weakening of gel structure of the G100 sample
possibly caused by the depolymerization effect of plasma treat-
ment. Khondkar et al. (2007) found that G’ and complex viscosity
(n™) of cross-linked starch were higher than those of native starch.
It was also reported that cross-linked potato starch with POCl3 had
lower tan § than the control one (Yoneya et al., 2003). In general,
an increase of G’ accompanied with a decrease of tané§ suggests
a formation of polymer cross-linking (Yoneya et al., 2003). There-
fore, the enhanced network observed in the G50 possibly due to the
permanent cross-link junctions presented in the sample.

Table 2

Power law constants for relationships between storage modulus and frequency
(G’ =AwP) and between shear stress and shear rate (o = K3") of the untreated and
plasma-treated starch pastes (6%, w/w).

Sample? Dynamic viscoelastic test Steady flow test
A (Pas) B (slope) R? K (Pas™) n(-) R?

GO 3.97 043 0.990 11.21 0.52 0.998
G50 5.08 0.38 0.981 11.43 0.49 0.996
G100 3.19 0.46 0.985 9.68 0.50 0.997
co NAP NA NA 5.58 0.43 0.999
50 NA NA NA 2.28 0.42 1.000
Cc100 NA NA NA 1.60 0.38 1.000

2 GO, untreated granular starch; G50, plasma-treated granular starch at 50 W;
G100, plasma-treated granular starch at 100 W; CO, untreated cooked starch; C50,
plasma-treated cooked starch at 50W; C100, plasma-treated cooked starch at
100W.

b NA: not analyzed.

Power law parameters calculated from the results of both oscil-
latory (Eq. (1)) and steady shear tests (Eq. (2)) of all samples
are shown in Table 2. For dynamic viscoelastic properties, it is
known that B=0 for a covalent gel, while B>0 for a physical
gel. The B value is related to the strength and mature of the gel
(Khondkar et al., 2007; Yoneya et al., 2003). Higher the B value,
weaker the gel obtained. Thus, the strength of gel can be ordered as
G50>G0> G100 for G samples. Khondkar et al. (2007) reported that
the higher B value of uncross-linked starch indicating that the gel
of native starch was not as strong as the gel of cross-linked starch.

For steady flow test, the GO displayed a combined hysteresis
loop, i.e. a small clockwise loop at high shear rates and a counter-
clockwise loop at low shear rates (data not shown), indicating both
thixotropic and anti-thixotropic behaviors, respectively, in the first
cycle of shear ramping. The data of shear ramping of the second
cycle, however, was almost identical to that of the shear ramp-
ing down of the first cycle and showed non-thixotropic behavior.
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Moreover, the G50 and G100 samples displayed no hysteresis loop.
Therefore, in this study, the data of shear stress and shear rate of
the shear ramping up of the second cycle was used to character-
ize the flow behavior of the samples using power law equation.
It was found that the G50 paste exhibited the highest consistency
coefficient (K) following by the GO and G100, respectively (Table 2).
From the rheological results of the G samples, it can be con-
cluded that the G50 paste had the highest in both consistency and
modulus, indicating the stronger gel and the presence of permanent
cross-link junctions. The G100, however, had the lowest consis-
tency and modulus. A weaker structure observed in the G100 may
thus be attributed to the depolymerized species in the sample.
For the cooked starch (C) samples, the dynamic viscoelastic
properties of the C samples were quite different from those of the
G samples. All C samples exhibited G” > G’ with a cross-over at high
frequencies (Fig. 4D and E), indicating the most liquid-like behav-
ior. The starch paste was very thin since it encountered heating
process twice, i.e. during sample preparation for plasma treatment
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and rheological test. The more completely dissolved paste with
some starch remnants in the continuous phase made the smaller
G’ value. Because of the liquid-like behavior of the C samples, the
power law constants of viscoelastic test, which is applicable to gel
samples, was not either analyzed or used for discussion. The plots
of G, G”, and tan$ as a function of angular frequency (Fig. 4D-F,
respectively) were then used in the discussion of this case. Overall
features showed that magnitudes of both G’ and G” at low frequen-
cies were ordered as CO>C50>C100. The predominant effect of
starch depolymerization in the case of C50 sample could lower its
modulus compared to that of the control (CO). In the case of the C100
sample, dominant cross-linking was proposed. The modulus values
ofthe C100 sample were, however, lower (Fig. 4D and E) and accom-
panied by higher tan § values (Fig. 4F) than those of both the CO and
C50 samples, due to the substantially low starch concentration in
the continuous phase with numbers of undissolved starch clusters
of highly cross-linked areas as observed by an optical microscope
(Fig. 3C).
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Fig. 4. Storage moduli (G'), loss moduli (G”), and loss tangents (tan §) as a function of frequency of the 6% (w/w) untreated (GO, CO) and plasma-treated starch pastes at 50 W
(G50, C50) and 100 W (G100, C100) measued at 1 Pa stress for granular samples (A-C) and 0.3 Pa for cooked samples (D-F). All measurements were performed at 25°C.
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Fig. 5. Schematic diagram of proposed mechanisms of starch modification during jet atmospheric argon plasma treatment: CL, cross-linking and DP, depolymerization.

Table 3
Relative areas of relevant peaks of the untreated and plasma-treated starches mea-
sured using FTIR and 'H NMR.

Sample® Relative area
C—0—C peak (from FTIR) OH peak (from 'H NMR)

GO 0.34 £ 0.01 1.01 +£ 0.02
G50 0.39 £ 0.05 0.97 + 0.00
G100 0.25 £ 0.04 1.06 + 0.04
Cco 0.31 £ 0.01 1.03 £ 0.07
C50 0.25 £ 0.02 1.06 £ 0.02
C100 0.34 £+ 0.01 1.00 + 0.07

a Refer to Table 2 for the sample codes.

For steady shear test of the C samples, all the pastes showed
totally different behavior from the G samples. Strong anti-
thixotropy was observed in the first cycle of shear ramping in the
steady flow test (data not shown), which similar to that of waxy
maize starch (Wang, Li, Wang, & Ozkan, 2010). Such behavior was
proposed to be a result from the formation of amylopectin com-
plex structure during shearing. Again, the data of shear ramping
of the second cycle, however, was almost identical to that of the
shear ramping down of the first cycle and showed non-thixotropic
behavior. Therefore, the data of shear stress and shear rate of shear
ramping up of the second cycle was used to characterize the flow
behavior of the samples using power law equation as shown in
Table 2.1In the case of C samples, the K values decreased after plasma
treatment and the C100 sample exhibited lower K value than the
C50 sample. These results are consistent with the dynamic modulus
results observed at low frequencies (Fig. 4D and E).

3.6. Fourier transform infrared (FTIR) spectroscopy

The FTIR band at 1149 cm~! was referred to C—0—C asymmetric
stretching glycosidic bond and the band at 924cm~! was corre-
sponded to C—0O—C skeletal mode of a-glycosidic linkage (Deeyai
et al., 2013). The relative areas of these peaks against the standard
peak of KSCN at 2052cm~! indicated the occurrence of C—O—C
bonding. The G50 and C100 exhibited higher relative areas of
C—0—Cthan their control counterparts (Table 3), signifying that the
predominant cross-linking occurred as evidenced by an increase in

glycosidic linkage via plasma treatment. A mechanism of plasma-
induced cross-linking was proposed as follows (Zou et al., 2004):

Starch—OH + HO—Starch — Starch—O—Starch + H,0 3)

This mechanism forces one O—H bond and one C—OH bond
to break before cross-linking to a new C—0—C glycosidic bond
between two starch chains and abstracting one water molecule.
On the other hand, the lower relative intensities of C—O—C were
found in the G100 and C50 samples compared to their control ones
(Table 3). Depolymerization might dominantly occur by cleaving
C—0—C glycosidic bonds of starch molecules. The relative areas of
the plasma-treated samples were slightly different from that of the
untreated starch samples, indicating that mild modifications, i.e.
giving slightly cross-linked or depolymerized starch, were attained.

3.7. "H nuclear magnetic resonance (H NMR)

The area of peak belonging to OH-group protons at chemical
shift of 5.0 ppm was calculated as relative intensity against peak
at chemical shift of 4.5 ppm which referred to H-4, H-5 in glucose
units of starch molecules. The H-4, H-5 peak was considered to
be unchanged during either cross-linking or depolymerization and
thus this peak was used as an internal reference for calculation of
the relative intensity of OH-group protons. The 'H NMR analysis
showed that the relative intensity of OH-group protons decreased
for the G50 and C100 samples as compared with their controls
(Table 3), indicating the loss of OH groups in the modified starch
probably due to the predominant cross-linking reaction. It also
showed that the relative intensity of OH-group protons increased
in the case of the G100 and C50 samples, because of the predom-
inant effect of depolymerization. Zou et al. (2004) have modified
starch using glow discharge argon plasma at below atmospheric
pressure. These authors reported that the area of peak belonging to
OH-group protons decreased, indicating the loss of OH groups in the
modified starch. These results revealed that the cross-linking took
place and one molecule of water was split from two OH groups of
starch chains as presented by Eq. (3). Similar to FTIR results, the rel-
ative areas of untreated and plasma-treated samples were slightly
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different. Such observation confirmed that slightly cross-linked or
depolymerized starch was obtained from the treatments.

3.8. Proposed mechanisms of starch modification by argon
plasma treatment

According to a series of analytical results as explained above,
the proposed mechanisms of starch modification during jet argon
plasma treatment under atmospheric pressure can be drawn as
showninFig. 5. For the cooked starch, the semi-crystalline structure
of starch granules is totally destroyed by heat, causing amylose and
amylopectin chains well dispersed in the slurry system. In our case,
we have found that the C100 condition had undergone cross-linking
more frequent than the C50 condition. The cross-linking mecha-
nism requires one O—H bond and one C—OH bond to be broken
before forming a new C—0—C glycosidic bond between two starch
chains and abstracting one water molecule. In general, it is known
that the bond energy is in the following order; O—H>C—H>C—0
(Cottrell, 1958). The 100-W condition generated relatively more
energetic particles to break the stronger O—H bonds. Also, under the
100-W condition all particles were generated more frequently than
the 50-W condition. These two facts or the synergy between them
have caused the well-dispersed cooked starch at 100 W, namely,
C100 to be more readily to cross-link than the C50 condition. The
lack of such under C50 condition caused a difficulty to form cross-
linking but a preference to break C—0 bonds, leading to the greater
degree of depolymerization. For the granular starch, the structure
of starch granules is still intact during plasma treatment, in which
amylose and amylopectin chains are closely packed within the
granules. In the case of granular form, only starch molecules on
the granular surface could be exposed to plasma. The mobility of
starch molecules in the granules is rather more restricted. This has
become an additional complication, which may lead to suppression
of depolymerization, especially, under the 50-W condition. Under
the G100 condition, higher fragmentation of starch molecules may
be expected due to higher plasma intensity. This may thus enhance
depolymerization. Therefore, sample preparation and input power
played essential roles to determine which competitive reactions to
be dominant.

4. Conclusions

Non-chemical argon plasma treatment at atmospheric pressure
is an alternative to typical chemical modification of starch. Two
competitive reactions, i.e. cross-linking and depolymerization of
starch, occurred during plasma treatment. The predominant effect
of these two reactions was determined by the preparation of starch
slurry and the input power to plasma treatment. The treatment
of cooked starch at 100W and granular starch at 50W induced
predominantly cross-linking rather than depolymerization. On the
contrary, depolymerization predominated cross-linking for the
treatment of cooked starch at 50 W and granular starch at 100 W.
However, the drawbacks of this technique were the reactions
induced by plasma can only take place on the surface of materi-
als and cannot penetrate deeply into the starch slurry. Limitation
of large volume treatment of jet plasma was also found. We might
obtain only slightly cross-linked or depolymerized starch using this
technique. These plasma-modified starches, i.e. cross-linked starch
and depolymerized starch, can replace conventional chemically
modified starches, i.e. chemically cross-linked starch and chem-
ically depolymerized (such as acid-thinned) starch, respectively,
used as main or minor ingredients in food products and promote
new healthy food products. Further study for scaling up a plasma
reactor for better modification and higher throughput of modified
starch is underway.
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