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Abstract

Project Code : MRG6180066

Project Title : Liquid phase conversion of glucose and fructose into 5-
Hydroxymethylfurfural (5-HMF) and levulinic acid by solution plasma process (SPP)
Investigator : Asst.Prof.Dr.Isarawut Prasertsung, Mahasarakham University

E-mail Address : isarawut_nui@hotmail.com

Project Period : 2 Years (May 1, 2018 - April 30, 2020)

Energy from biomass, plays an important role as renewable energy to replace petroleum
energy. Starch can be degraded into reducing sugar, predominantly glucose. Reducing sugar can
be further fermented into ethanol and 5-HMF. Therefore, the degradation of cellulose to reducing
sugar and 5-HMF has received a lot of research interest. This research was studied the degradation
of cassava starch process waste (CSW) using solution plasma to prepare reducing sugar and 5-
HMF. Various type of acids including Nitric acid (HNO3) Hydrochloric acid (HCl) and sulfuric acid
(H2S0O4) with concentration in the range of 0.02-0.08 molar were used. The applied pulse
frequency of bipolar power supply and the CSW were varied at 15-30 kHz and 0.5-2 % w/v,
respectively. Plasma treatment time was varied at 0-300 minutes. Percent yield of reducing sugars
was analyzed using Dinitrosalicylic acid (DNS). The glucose and 5-HMF content were determined
by High performance liquid chromatography (HPLC). The morphology of CSW powder was
characterized by Scanning electron microscopy (SEM). The change of crystal and amorphous
structure of CSW was investigated by X-ray diffractometer (XRD). The results showed that
the %yield of TRS was greatly enhanced by SPP treatment compared to that of acid hydrolysis.
The CSW powder completely broke down into pieces after SPP treatment was applied. The
amorphous and crystalline regions of CSW were destroyed during SPP treatment. SPP treatment
of CSW with light sulfuric acid concentration of 0.08 M, applied pulsed frequency of 30 kHz, and
CSW concentration of 0.5 %w/v provided 99.0 %TRS, 47.9% slucose and 9% 5-HMF.

Keywords : Solution Plasma Process; Starch; Glucose; Reducing Sugar
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ARTICLE INFO ABSTRACT

The cassava starch processing plays an important role in food industries. During starch processing stage, a large
amount of cassava starch waste (CSW) which mainly contains lost starch product and solid residue such as
cassava bagasse are produced. Starch and cassava bagasse can be hydrolyzed into fermentable sugar such as
glucose. In the present study, the solution plasma process (SPP) is used to treat CSW to prepare reducing sugar.
The investigated parameters are treatment time, solvent concentration, applied pulsed frequency, and CSW
concentration. The %yield of total reducing sugar (TRS) and glucose were calculated by DNS method and glucose
assay kit, respectively. The chemical structure, morphology, and crystal structure of plasma-treated CSW were
investigated. The results showed that the %yield of TRS was greatly enhanced by SPP treatment compared to
that of acid hydrolysis. The CSW powder completely broke down into pieces after SPP treatment was applied.
The amorphous and crystalline regions of CSW were destroyed during SPP treatment. SPP treatment of CSW with
light sulfuric acid concentration of 0.08 M, applied pulsed frequency of 30 kHz, and CSW concentration of 0.5%

Keywords:

Solution plasma process
Cassava starch waste
Reducing sugar
Hydrolysis

w/v provided 99.0% TRS and 47.9% glucose.

1. Introduction

Nowadays, energy from fossil fuels such as natural gas, oil and coal
are intensively consumed. Almost 80% of the fossil fuels are employed
for industry, agricultural, and transport sector. This caused the high
price of petrochemicals as well as global problems such as greenhouse
effect (Hernoux-Villiére et al., 2013). In order to reduce the fossil fuel
consumption, biofuel such as bioethanol, which was produced from
biomass, was considered as one of alternative resource of energy
(Hernoux, Lévéque, Lassi, Molina-Boisseau, & Marais, 2013). In gen-
eral, bioethanol can be produced from the fermentation of reducing
sugar such as glucose. These sugars can be obtained from hydrolysis of
sugar-based and starch-based material such as sugar cane, sugar beet,
corn starch, potato starch, and cassava starch. However, the main
drawback of the use of sugar-based and starch-based as starting mate-
rials for energy and bio-based products is the competition of the human
food chain (Hernoux et al., 2013).

In Thailand, cassava starch processing plays an important role in
food industries. There are over 92 cassava processing plants with a total
capacity production of starch at about 16,910 ton/day (Chavalparit &
Ongwandee, 2009). During starch processing stage, a large amount of
wastewater which mainly contains lost starch product and solid residue
such as cassava bagasse are produced. Cassava starch waste (CSW) is
mainly produced from washing and extraction processes. The CSW is
carbohydrate-rich waste which contains the high amount of starch and
fiber. Edema et al. reported that one kg of cassava fresh root provides
0.2kg of starch, 0.4-0.9 kg cassava bagasse and 5-7 L of wastewater
(Edama, Sulaiman, & Rahim, 2014). As known that starch and cassava
bagasse can be hydrolyzed into the fermentable sugar such as glucose,
therefore, the CSW has a potential for a substrate in biofuel production.

Generally, the conversion of CSW into biofuel can be separated into
two steps (Hernoux et al., 2013). Firstly, the CSW was hydrolyzed or
degraded to produce reducing sugar. Later, the reducing sugar was
further fermented into biofuel such as ethanol, butanol, as well as
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pentanol. The presented work emphasized on the conversion of CSW
into reducing sugar. Recently, several methods have intensively re-
ported to convert starch-based waste into reducing sugar. These in-
cluded acidic and enzymatic treatments (Li et al., 2016). However,
acidic treatment requires multi-steps especially product purification
after the reaction, while enzymatic treatment is limited by the cost of
enzyme (Ma, Cai, Wang, & Sun, 2006; Shariffa, Karim, Fazilah, &
Zaidul, 2009). Solution plasma process (SPP), one of non-thermal
plasma, is electrical discharge in liquid phase. The plasma is generated
between two needle electrodes by applying high voltage and frequency
power supply. SPP can produce highly active species such as hydroxyl
radical (OH"), hydroperoxyl radical (HO;"), free electron (e —), super-
oxide anion (O, —), and atomic oxygen anion (O —) (Takai, 2008). SPP
can be operated at low temperature and atmospheric pressure without
the use of strong chemical reagent. This technique is applicable to in-
dustrial processing i.e. degradation of biopolymer. In previous studies,
we have introduced SPP to treat polysaccharide polymer such as cel-
lulose and found that SPP treatment using iron electrodes could
strongly promote the degradation of polysaccharide polymers
(Prasertsung, Chutinate, Watthanaphanit, Saito, & Damrongsakkul,
2017; Tantiplapol et al., 2015). The degraded product such as reducing
sugar was successfully prepared. However, SPP treatment of cellulose
provided low %yield of sugar products. This could be resulted from the
strong crystal structure of cellulose. So, it is very difficult to operate in a
large-scale production. Therefore, the work presented here focuses on
the conversion of starch-based material which derived from cassava
starch waste water (CSW). It is well known that the crystal structure
portion of starch is lower than that of cellulose. Therefore it is attractive
to explore the possibility of using SPP to treat CSW. In addition, to the
best of our knowledge, the use of SPP for the conversion of CSW and
starch-based materials to reducing sugar has not been reported yet. The
effects of SPP conditions on the production of total reducing sugar
(TRS) were investigated. The CSW colloid was treated with SPP using
iron electrodes. The investigated parameters are plasma treatment time,
solvent concentration, applied pulsed frequency and CSW concentra-
tion. The plasma-treated hydrolysate was characterized including TRS
by dinitrosalicylic acid (DNS) method and glucose content by High
performance liquid chromatography (HPLC). In addition, the plasma-
treated CSW powder were also analyzed including chemical structure
by Fourier transform infrared spectroscopy (FT-IR), surface morphology
by Scanning electron microscopy (SEM), and the crystal structure by X-
ray diffraction (XRD).

2. Materials and methods
2.1. Materials

Cassava starch wastewater (CSW) was purchased from National
Starch & Chemical (Thailand) Ltd. The CSW was dried to achieve the
sample powder. The obtained powder was then characterized. The
compositions of CSW powder are shown in Table 1. All of the chemicals,
reagents, and solvents used were of analytical grades.

2.2. Solution plasma experiment

Fig. 1 showed the schematic of experimental setup of solution
plasma process (SPP) (Prasertsung et al., 2017), CSW colloid was pre-
pared by suspend the CSW powder in 100 mL of sulfuric acid solution.
Then the CSW colloid was placed into the 100 mL SPP glass reactor
where the two iron needle electrodes with 1mm-diameter (purity
99.99%, Nilaco Corp., Japan) are set. The distance of electrodes was
adjusted to be 0.5 mm and connected to a high frequency bipolar pulsed
direct current (DC) power supply. When the power was applied, the
pulsed electric discharge was generated between the tips of iron elec-
trodes. The voltage and pulse width of 0.4kV and 3 ps were fixed. The
treatment time of solution plasma was varied in the range of
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Table 1
The compositions of cassava starch waste (CSW)
powder.

Compositions Ywt

Starch 73.79%
Moisture 20.48"
Lignin 1.03°
Cellulose 1.45°
Hemicellulose 1.19°

? Determination of starch content ISO 10520:
Polarimetric method.

® Gravimatric determination A.OA.C 1980:
Sample dried overnight at 105 "C.

© Determination of specific types of fiber: Van
Soest Method.

0-300 minutes. The concentration of sulfuric acid, applied pulsed fre-
quency, and CSW concentration were varied to be 0.02-0.08 M,
15-30kHz, and 0.5-4%w/v respectively. During SPP treatment, the
temperature of the CSW colloid is controlled at 50 °C to avoid gelati-
nization of CSW. A magnetic stirrer was used in order to enhance the
uniformity of solution in the reactor. The hydrolysis of CSW using
sulfuric acid at 50 “C under continuous stir was conducted as a control.

2.3. Characterization of plasma-treated CSW

After plasma treatment, the CSW colloid was separated from liquid
fraction (hydrolysate) by centrifuging at 5000 rpm for 30 min. The re-
mained CSW solid was washed with water and dried for further ana-
lysis. The characterization of plasma-treated CSW was divided into two
parts including CSW powder and hydrolysate.

2.3.1. Characterization of plasma-treated CSW powder

In order to explore the effects of plasma treatment on the properties
of CSW powder, the CSW sample was collected after 10 min of plasma
treatment. In addition, acid hydrolysis of CSW for 10 min was con-
ducted as a control. The morphology of untreated, acid hydrolyzed, and
plasma-treated CSW were examined by Scanning electron microscopy
(SEM) (Chen, Huang, Tang, Chen, & Zhang, 2011). The samples were
mounted on copper stubs and coated with gold for 10 min. The coated
samples were then analyzed and photographed using a JEOL JSM-6400
SEM (JEOL, Japan) at the operating voltage of 10kV.

The XRD analysis of untreated, acid hydrolyzed and plasma-treated
CSW powder was studied using X-ray diffractometer (Shimadzu Lab
XRD-6000, Japan) with an angular 20-diffraction range between 10°
and 40°. X-ray diffraction patterns of the samples were measured with a
CuKa target at 40 kV and 50 mA (Chen et al., 2011).

FT-IR (Digilab, FTS 7000 Series, USA) was used to analyze the
chemical composition of untreated and plasma-treated CSW samples
(Zuo et al., 2017). FT-IR spectra of samples prepared with KBr were
collected in the range of 4000-400cm ™" at a resolution of 4cm ™',

2.3.2. Characterization of plasma-treated CSW hydrolysate

In order to determine the total reducing sugar, the plasma-treated
CSW solution was analyzed using DNS method as described elsewhere
(Zhang, Liu, & Zhao, 2012). The DNS reagent was prepared by dissol-
ving 6.3 g 3, 5-dinitrosalicylic acid, 182 g of potassium sodium tartrate,
and 262 mL of 2M NaOH in 500 mL of deionized water at 50 °C. Then
5 g of phenol and 5 g of sodium sulfite were added in the solution, and
cooled to room temperature to give the DNS reagent. 0.5mL of DNS
reagent was mixed with 0.5 mL of hydrolysate sample and heated for
5min and cooled to room temperature. 1 mL of solution was diluted
with 4mL of deionized water to obtain 5mL solution thereafter. The
absorbance of the final solution was measured using a Shimadzu UV-
9100 spectrophotometer at 540 nm with a slit width of 0.06 mm. The
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Fig. 1. Schematic diagram of solution plasma treatment of CSW colloid.

calibration curve was performed using glucose as standard reagent, The
percentage of total reducing sugar (%TRS) was calculated as follows
(Prasertsung et al., 2017):

amount of reducing sugar
amount of CSW

%Total reducing sugar (TRS) = x0.9x100

1)

To quantify the glucose produced during plasma treatment of CSW,
the hydrolysate was filtered with a 0.45um syringe filter prior to
analyze by High-performance liquid chromatography (HPLC) (Alltech
ELSD 2000, USA). The chromatographic separations were carried out
using a Rezex RPM-Monosaccharide Pb*™ column and RI detector. The
mobile phase was deionized water with the flow rate of 0.6 ml/min and
20 uL of samples were injected (Li et al., 2016). The production of
glucose was calculated as follows:

amount of glucose
amount of CSW

%Glucose = x100

(2)

2.3.3. Characterization of plasma-treated CSW powder

In order to explore the effects of plasma treatment on the properties
of CSW powder, the CSW sample was collected after 10 min of plasma
treatment. The CSW colloid was filtered, washed, dried and kept for
further analysis. In addition, acid hydrolysis of CSW for 10 min was
conducted as a control. The morphology of untreated, acid hydrolyzed,
and plasma-treated CSW were examined by Scanning electron micro-
scopy (SEM) (Chen et al., 2011). The samples were mounted on copper
stubs and coated with gold for 10 min. The coated samples were then
analyzed and photographed using a JEOL JSM-6400 SEM (JEOL, Japan)
at the operating voltage of 10 kV.

The XRD analysis of untreated, acid hydrolyzed and plasma-treated
CSW powder was studied using X-ray diffractometer (Shimadzu Lab
XRD-6000, Japan) with an angular 20-diffraction range between 10°
and 40°. X-ray diffraction patterns of the samples were measured with a
CuKa target at 40 kV and 50 mA (Chen et al.,, 2011).

FT-IR (Digilab, FTS 7000 Series, USA) was used to analyze the
chemical composition of untreated and plasma-treated CSW samples
(Zuo et al.,, 2017). FT-IR spectra of samples prepared with KBr were
collected in the range of 4000-400 cm ™' at a resolution of 4 cm .
2.3.4. Statistical analysis

Significant levels were determined by the paired t-test. All statistical
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calculations were performed on SPSS system for Windows (version 13.0
Statistical Package for Social Sciences (SPSS), USA). P-value of < 0.05
was significantly considered.

3. Results and discussion
3.1. Effects of plasma treatment on %TRS and chemical structure of CSW

Fig. 2 shows the % total reducing sugar (%TRS) of acid hydrolysis
and plasma treatment of CSW. It was noticed that the %TRS of acid
hydrolysis of CSW (without plasma treatment) was slightly increased.
The maximum %TRS of acid hydrolyzed CSW at the treatment time of
300min was approximately 11%. When solution plasma treatment
using Fe electrode was applied, the %TRS was significantly enhanced
compared to that of acid hydrolysis (p < 0.05). The %TRS of plasma-
treated CSW was continuously increased until the treatment time
reached 300 min. The maximum %TRS of plasma-treated CSW at the
treatment time of 300 min was measured to be 55%. This result implied
that the plasma treatment strongly promoted the production of redu-
cing sugar. This corresponded to our previous study and suggested that

100
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Fig. 2. Effects of plasma treatment time on %TRS of plasma-treated CSW.
Plasma treatment conditions: applied pulsed frequency of 15kHz and CSW
concentration of 2%w/v.
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Fig. 3. Suggested mechanism of CSW degradation by solution plasma treatment.

degradation of CSW occurred during plasma treatment (Prasertsung
et al.,, 2017; Tantiplapol et al.,, 2015). The enhancement of %TRS
caused by plasma treatment could be attributed to the hydroxyl radical
produced during plasma treatment. As shown in Table 1, the compo-
sition of CSW mainly composed of starch, therefore the degradation
mechanism of CSW can be explained by the degradation of starch by
hydroxyl radical, as shown in Fig. 3.

When the plasma was discharged in the solution, free electrons in
the discharge gap were generated by high electric field between needle
Fe electrodes (Muhammad Arif, Abdul, & Salman Akbar, 2001). The
free electrons can collide with water molecules, major component in the
system. More hydroxyl radicals were generated via ionization and dis-
sociation of water molecules (Fig. 3, (1-4)). The hydroxyl radicals
produced can further degrade the starch (Henriksson, Johansson, &
Pettersson, 2000). The hydroxyl radicals can abstract the hydrogen

475

atom at C-1 carbon, which form glycosidic bond, to form water mole-
cule (Fig. 3, (5)). After that, the carbon radical was created and react
with oxygen via oxidation reaction in the system to form superoxide
anion (Fig. 3, (6)) (Henriksson et al., 2000). This led to the scission of a-
1,4 glycosidic linkage of starch molecule (Fig. 3, (7). Thereafter, the
carbonyl group could be formed (Chokradjaroen et al., 2017) and the C-
4 carbon radical was subsequently reacted with a hydroxyl radical to
produce glucose unit (Fig. 3, (8)) (Wang, Li, Yang, Chen, & Gao, 2011).

To confirm the mechanism described above, FT-IR was employed to
explore the chemical structure change of plasma-treated CSW. The FT-
IR spectra of untreated and plasma-treated CSW powder were shown in
Fig. 4. The untreated CSW displayed the characteristic peaks at
3310cm ™!, 2930 cm ™", and 1150 cm ™, which corresponded to O—H
stretching and vibration of the hydrogen bond association, C—H
asymmetrical stretching, and C—O stretching vibration, respectively
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Fig. 4. FT-IR spectra of untreated and plasma-treated CSW powder.

(Zuo et al., 2017). After CSW was treated with plasma for 10 min, a new
peak at 1720 cm ™' which corresponded to C=O0 stretching vibration
was observed in addition to the above characteristic peaks. This implied
that the carbonyl group was formed during solution plasma treatment
of CSW (Zuo et al., 2017). This corresponded to the suggested de-
gradation mechanism of starch. This confirmed that the starch could be
degraded via hydroxyl radical produced during solution plasma treat-
ment.

3.2. Effects of plasma treatment on morphology of CSW powder

In order to explore the change of surface morphology, the untreated,
acid hydrolyzed, and plasma-treated CSW powder were characterized
by SEM. The SEM micrographs of samples were shown in Fig. 5. The
shape of untreated CSW powder was appeared to be either round or
oblong with various sizes in range of 10-20 um. The surface of un-
treated CSW was appeared to be relatively smooth. The acid hydrolyzed
CSW powder mostly exhibited the same in shape and size as the
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Fig. 6. X-ray diffraction patterns of (a) untreated CSW, (b) acid hydrolysis of
CSW for 10 min, and (c) plasma treatment of CSW for 10 min.

untreated CSW sample. However, the outer surface of acid hydrolyzed
CSW became rough. This is possibly due to the corrosion effect of sul-
furic acid during hydrolysis (Li et al., 2017). After plasma treatment
was applied, the size of CSW powder were not changed apparently.
However, the change of CSW powder shape was obviously noticed. The
plasma-treated CSW powder were completely broken and separated
into pieces. Moreover, the roughness of the cracked CSW powder was
also detected, indicating that the internal region of CSW powder were
disrupted (Li et al., 2017). The observation implied that solution plasma
treatment could destroy the inner structure of CSW powder. This could
enhance the accessibility of the reactant such as hydroxyl radicals
produced during plasma treatment, resulting in high degradation of
CSW powder.

3.3. Effects of plasma treatment on crystal structure of CSW

The X-ray diffraction patterns of untreated, acid hydrolyzed, and

Fig. 5. Morphology of (al-a2) untreated CSW, (b1-b2) acid hydrolysis of CSW for 10 min, and (c1-c2) plasma treatment of CSW for 10 min.
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plasma-treated CSW powder were shown in Fig. 6. It was evident that
the untreated CSW powder exhibited the diffraction pattern that re-
presented both crystallization and amorphous region. The XRD dif-
fraction peak of untreated CSW powder were appeared to be 15.°, 17.°,
18.°, and 23.5° of 20, indicting A-type crystallization (Chen et al.,
2011). After acid hydrolysis, the XRD diffraction patterns remained
unchanged compared to that of untreated CSW powder.

This revealed that the crystal structure of CSW powder was not af-
fected by acid hydrolysis. As known that the crystal structure is one of
important factors that affects the degradation of starch-base material,
therefore, low %TRS obtained from acid hydrolysis of CSW (Fig. 2)
could be resulted from the crystal structure of CSW. When the CSW
powder were treated with plasma, the XRD diffraction peaks at 15.°,
17.°, 18.°, and 23.5° of 20 which represented both crystallization and
amorphous region became broader compared to those of untreated and
acid hydrolyzed CSW powder. In general, the crystal structure of starch-
base polysaccharide was presented by amylopectin portion while
amorphous was exhibited by amylose portion (Li et al., 2017). XRD
result of plasma-treated CSW powder suggested that amylopectin and
amylose structure of CSW were strongly disrupted by solution plasma.
This could be attributed to the combination effects of sulfuric acid and
hydroxyl radicals in the system. This result is consistent with our pre-
vious study which found that the combination of diluted sulfuric acid
and plasma treatment strongly promoted the destruction of crystalline
portion of saccharides polymer. In addition, the crystal and amorphous
structure of starch-based polymer could be disrupted by hydroxyl ra-
dical via oxidation reaction, as previously reported by Zuo et al. (2017).
This result was in good agreement with %TRS results, shown in Fig. 2.
The reduction of crystal structure of CSW could enhance an accessibility
of the hydroxyl radicals, resulting in high the %TRS.

3.4. Effects of solvent concentration on %TRS

The relationship between sulfuric acid concentration and %TRS was
shown in Fig. 7. It was noticed that the increased concentration of
sulfuric acid from 0.02 M to 0.04 M did not clearly affect the %TRS. The
%TRS at the treatment time of 300 min were calculated to be 54.5 and
57.6, respectively. However, when the sulfuric acid concentration in-
creased up to 0.08 M, %TRS strongly improved to 74.1 (p < 0.05). This
could be explained by the enhancement of conductivity in plasma
system. The higher sulfuric acid concentration could increase the con-
ductivity of medium. The conductivity of CSW colloid at various sul-
furic acid concentrations of 0.02 M, 0.04 M, and 0.08 M were measured
to be 85.6 uS/cm, 200.5 uS/cm, and 487.6 uS/cm, respectively (Data
not shown here). As previous reported by Potocky et al., an increase of
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Fig. 7. Effects of sulfuric acid concentrations on %TRS of plasma-treated CSW.

Plasma treatment conditions: applied pulsed frequency of 15kHz and CSW
concentration of 2%w/v.
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Fig. 8. Effects of applied pulsed frequency on %TRS of plasma-treated CSW.
Plasma treatment conditions: sulfuric acid concentration of 0.08 M and CSW
concentration of 2%w/v.

solution conductivity in solution plasma could induce the erosion of
electrode material by sputtering process (Potocky, Saito, & Takai,
2009). According to our previous study, we have found that the sput-
tered iron electrodes yield the iron nanoparticles. These nanoparticles
could prevent the recombination reaction of hydroxyl radicals pro-
duced during plasma treatment, resulting in the high amount of hy-
droxyl radicals in the system (Prasertsung et al., 2017). As described
earlier, the hydroxyl radical is important for the degradation of CSW,
therefore, the increase of solution conductivity, which increase the
hydroxyl radicals could also be responsible for the enhancement of CSW
degradation, resulting in high %TRS.

3.5. Effects of applied pulsed frequency on %TRS

To explore the effect of applied pulsed frequency of plasma treat-
ment on %TRS, the CSW powder were treated with plasma using 0.08 M
sulfuric acid as solvent. The correlation between applied pulsed fre-
quency and %TRS of plasma-treated CSW was shown in Fig. 8. It was
noticed that the %TRS was gradually increased with increasing applied
pulsed frequency from 15 to 30 kHz. The maximum %TRS of plasma-
treated CSW when the plasma treatment was applied at various applied
pulsed frequencies of 15 kHz, 22.5 kHz, and 30 kHz were calculated to
be 74.1, 83.4, and 87.8, respectively. This result was in good agreement
with our previous study (Prasertsung et al., 2017).

The voltage and current waveforms of the formation discharge at
frequency of 30 kHz were shown in Fig. 9a and b. The average energy
per second corresponded to the applied pulsed frequencies were cal-
culated according to previous reported by Kang, Li, and Saito (2013)
and shown in Fig. 9c. It was evident that the average energy input in the
system for applied pulsed frequency of 15, 22.5 and 30 kHz were cal-
culated to be 35.0, 47.1 and 61.1 J/s, respectively. An increase of en-
ergy may accelerate inelastic collisions of high-energy electrons and
surrounding molecules resulting in high either dissociation or ioniza-
tion of the target molecules (Muhammad Arif et al., 2001). This could
improve the amount of hydroxyl radicals in the system. In addition,
increasing the energy input of power supply in the plasma system could
enhance the production of iron nanoparticle via sputtering of iron
electrodes (Potocky et al., 2009). This provided high degradation rate
of CSW, resulting in the increased %TRS.

3.6. Effect of CSW concentration on %TRS

Fig. 10 shows the effects of CSW concentration on %TRS of plasma-
treated CSW. It was found that the %TRS of plasma-treated CSW at the
CSW concentration of 4%w/v was slightly increased when the plasma
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Fig. 10. Effects of CSW concentration on %TRS yield of plasma-treated CSW.
Plasma treatment conditions: sulfuric acid concentration of 0.08 M and applied
pulsed frequency of 30 kHz.

treatment was applied for 300 min. However, when CSW concentra-
tions were reduced, the %TRS of plasma-treated CSW significantly in-
creased (p < 0.05). The maximum %TRS of plasma-treated CSW for
300 min at various CSW concentrations of 0.5%w/v, 1%w/v, 2%w/v,
and 4%w/v were 99.0, 93.0, 87.7 and 61.6, respectively. This could be
described by the restriction of polymer chain mobility of CSW. At low
concentration of CSW, the freely movement of polymer chain was
achieved (Chokradjaroen et al., 2017). This led to easily interact with
the free radical such as hydroxyl radicals, resulting in the increase of
degradation reaction. In case of high CSW concentration, the movement
of polymer chain was prevented by a progressive entanglement be-
tween the polymer chains (Chokradjaroen et al., 2017). The interaction
between polymer chain and hydroxyl radical might be limited, resulting
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in the reduction of degradation of the polymer chains. In addition, the
degradation of starch could be limited by the certain number of moles
of starch that can be degraded per unit of time. Also increased amount
of starch in this study (from increasing CSW concentration) might also
obstruct the hydrolysis reaction, resulting in the lower %TRS. Our re-
sults are in good agreement with previous reported by Chokradjaroen
et al., who found that the initial concentration of polysaccharides
polymer such as chitosan strongly influenced the degradation reaction
of polymer chain.

3.7. The %yield of glucose production

Fig. 11 shows the %yield of total reducing sugar and glucose
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Fig. 11. %TRS and glucose yield of plasma-treated CSW. Plasma treatment
conditions: sulfuric acid concentration of 0.08 M, applied pulsed frequency of
30 kHz and CSW concentration of 0.5%w/v.
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production of plasma-treated CSW. The plasma treatment conditions
were adjusted to be 0.08 M sulfuric acid, applied pulsed frequency of
30 kHz, and CSW concentration of 0.5%w/v, respectively. The results
showed that the %TRS of plasma-treated CSW was continuously in-
creased with increasing treatment time. In case of % yield of glucose
production, the %yield of glucose was increased when the plasma
treatment was applied for 180 min. Then it seems to be constant until
the treatment time reached 300 min. The maximum %yield of total
reducing sugar and glucose were measured to be 99.0 and 60.4, re-
spectively. It was clearly seen that the glucose yield of plasma-treated
CSW was lower than that of total reducing sugar. This could be ex-
plained by the degradation reaction of CSW by plasma treatment.
Firstly, the CSW powder were degraded into disaccharides such as
maltose. The maltose product could be further degraded to mono-
saccharide such as glucose. However, with longer treatment time under
oxidative Fenton, the glucose can be transferred to 5-Hydro-
xymethylfurfural (5-HMF) as previously reported by Wang et al. (2011).
Thus the %yield of glucose in the system was lower. Nevertheless, in
order to understand the degradation reaction steps, identification of
degraded sugar products of plasma-treated CSW should be further
characterized.

4. Conclusions

Solution plasma system was introduced to treat CSW colloid to
prepare reducing sugar and glucose. CSW colloid was degraded during
plasma treatment and reducing sugar product was generated. The car-
bonyl group was formed during plasma treatment, indicating the de-
gradation of CSW granule. The amorphous and crystallization parts of
CSW powder were destroyed during solution plasma treatment. These
results suggested that the maximum 99.0% of TRS and 47.9% of glucose
were achieved when the solution plasma treatment were operated for
300 min, with the sulfuric acid concentration of 0.08 M, applied pulse
frequency of 30 kHz, and CSW concentration of 0.5%w/v.
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