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Abstract
Cold plasma (CP) treatment for enhancing functional and cooking properties has been investigated on less rice varieties and
delays the industrial adoption of this technology. This study treated three types (short-, medium-, and long-kernel) of milled rice
from six Chinese varieties with helium plasma (Radio frequency, 13.56 MHz, 140 Pa) at a combination of watt and time, and
evaluated the cooking properties, cooked rice texture, kernel appearance quality, and surface morphology, as well as flour
thermal and thermomechanical properties. CP treatment at 120 W for 20 s significantly decreased the cooking time and the
hardness of cooked rice while increasing adhesiveness, elasticity, and gruel solid loss. CP did not significantly change the
appearance of milled rice, except for chalky rice rate, and kept the peak temperature and enthalpy of gelatinization in rice flour.
120W–20s CP significantly increased rice dough development and stability time, starch gelatinization maximum torque, and
starch breakdown, but decreased the stability of protein network and starch retrogradation. As CP power strength increased from
120 to 520 W; the surface rupture of a rice kernel became more severe, and small particles aggregated on the rough surface.
Compared with the 0 h sample of 120W–20s CP treatment, the repeating CP treatments at 24 h, 48 h, and 30 d significantly
decreased water contact angle and free fatty acid content, but increased water absorption rate and chalky rice rate. These results
suggest that 120W–20s helium CP improved the cooking properties of milled rice via leading to the rough kernel surface, higher
water absorption rate, weak protein network, and a higher speed of starch gelatinization.
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Introduction

Recently, a demand for food products containing fewer pre-
servatives and other chemical contents by consumers has in-
creased. Physical nonthermal technologies, such as irradia-
tion, ultraviolet light, pulsed light, high pressure processing,
and ultrasound, are considered promising alternatives for
treatment of products in food industries. Among these, non-
thermal plasma has drawn a great deal of attention as a min-
imal processing technology (Deshmukh and Shetty 2007;
Ziuzina et al. 2014; Mir et al. 2016; Ekezie et al. 2017).
Nonthermal plasma is generated by the input of energy and
transformation of gas into plasma containing neutral mole-
cules, electrons, positive and negative ions, and excited spe-
cies (Niemira 2012). Different antimicrobial substances, in-
cluding UV photons, reactive oxygen species (e.g., hydrogen
peroxide, hydroxyl radical, superoxide singlet oxygen, atomic
oxygen, and ozone), and reactive nitrogen species (e.g.,
peroxynitrite, nitric oxide, and nitrite) are generated as a result
(Rod et al. 2012). Recent advance in plasma physics
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engineering and emerged technologies gives a cheaper pro-
duction of atmospheric pressure cold plasma. Atmospheric
cold plasma has been used to reduce corn aflatoxin (Shi
et al. 2017), produce antibacterial coatings (Múgica-Vidal
et al. 2019), and to improve microbiological safety and quality
characteristics of wheat (Los et al. 2018), seeds (Mitra et al.
2014; Puligundla et al. 2017), fruits (Dasan and Boyaci 2018;
Dong and Yang 2019) and juices (Xu et al. 2017). Among the
different plasma sources, plasma jet and dielectric barrier dis-
charge (DBD) are widely used in food research and commer-
cially available due to simple in construction and easy to adopt
(Misra et al. 2016). The DBD plasma treated starch samples of
tapioca, maize and cassava showed an increase in glycosidic
linkage due to cross-linking (Deeyai et al. 2013; Bie et al.
2016). The DBD plasma treatment was also reported to in-
crease the peak integral, elastic modulus, viscous modulus and
dough strength in wheat flour (Misra et al. 2015), but decrease
the pH and hardness in brown rice (Lee et al. 2016). Cold
plasma activated water was tested to control microbial growth
and maintain the quality of fresh-cut pear (Chen et al. 2019a)
and Tiger nut (Muhammad et al. 2019).

As a novel and innovative food technology, plasma tech-
nology has been recently used in studies to induce the depo-
lymerization of starch and carboxylic starch formed by partial
oxidization (Lii et al. 2002; Thirumdas et al. 2017a), alter
activities of the enzymes, including peroxidases and
polyphenoloxidase (Pankaj et al. 2013; Surowsky et al.
2013; Paixão et al. 2019), and improve the spreadability of
oil on biscuits (Misra et al. 2014), and increase water hydro-
philicity in zein powder (Dong et al. 2017a) and peanut pro-
tein (Ji et al. 2018) . In addition, the cross-linking of starch by
glow discharge plasma (air, 700 V for 45 min) has also been
reported on soluble starch (Zou et al. 2004). Chen et al. (2012)
used a treatment of direct current glow discharge plasma (1–3
kV) for 30 min to improve the cooking properties of brown
rice. They observed that the water adsorption of rice was in-
creased after plasma treatment, which resulted in the reduced
cooking time. Thirumdas et al. (2016a) inferred that the etch-
ing and increased surface energy (enhanced hydrophilicity) of
basmati rice could be useful to reduce the cooking time. The
microbial safety and quality changes in brown rice (Lee et al.
2016), white rice (Lee et al. 2019), and brown/white cooked
rice (Lee et al. 2018) after CP treatment were evaluated at
different watt-time combination. However, the mechanism
for cold plasma reducing rice cooking time should be further
studied onmore rice varieties.Moreover, the appearance qual-
ity of rice kernels and their dough thermomechanical proper-
ties need to be evaluated in different varieties of rice after CP
treatment.

China is the world’s largest producer of rice, with an annual
production over 200 million tons. About 40% of its produc-
tion is stored for around 2 years in a form of paddy, such that
the maintenance of rice quality is an important research topic.

With the economy increase in China, the physical, chemical,
or distinctive properties of plenty rice varieties harvested each
year are increasingly paidmuch attention to. The present study
was carried out to determine the cooking and thermal proper-
ties, kernel appearance quality and surface morphology, and
dough thermomechanical properties for three types of six
Chinese varieties of milled rice after helium CP treatment,
with an aim to elucidate the response mechanism of different
types of milled rice after plasma treatment and to develop a
processing technology for improving their quality.

Materials and Methods

Milled Rice Samples

Samples of six varieties of milled rice used in this study were
as follows: four japonica rice (Longjiang, Daohua Xiang,
Changli Xiang, and Yuanli) and two indica rice (Sharuan
Nian, and Tianlong). Longjiang (LJ) and Changli Xiang
(CLX) were produced in Heilong Jiang province, China in
2016 and in 2017, respectively. Both Daohua Xiang (DHX)
and Yuanli (YL) were produced in Jilin province, China in
2017. Sharuan Nian (SRN) and Tianlong (TL) were produced
in Guangdong province, China in 2017. The paddy of LJ,
SRN, and TL was milled into rice using a miller (LJJM
5588; Taizhou Grain Instrument Company, China) by milling
150 g of rough rice for 30 s. The milled rice varieties of CLX,
DHX, and YLwere gotten from a rice processing enterprise in
Changzhou, Jiangsu Province, China in March 2018. Table 1
shows the ratio of kernel length to width, and contents of
protein and amylose in six varieties of milled rice.

The moisture content of samples was determined by the
oven-drying method (AOAC 1980). Ten grams of milled rice
was crushed on a pulverizer with an 80-mesh screen (JFSD-
100, Jiading Grain and Oils Instrument Co. Ltd., Shanghai,
China). The powder (3.0000 g) was weighed in triplicate on a
balance (0.0001 g, AL204-IC, Mettler Toledo, Shanghai,
China) and dried at 103°C for 3 h.

Amylose content in milled rice was determined according
to ISO 6647–1 (2007) and GB/T 15683-2008 (National
Criterion of China GB/T 15683–2008 2008), with some revi-
sion. Two grams of the powder was defatted for 3 h with 85%
methanol aqueous solution, then 100 mg defatted sample was
weighed into 100 mL conical flask, and successively added 1
mL of 95% ethanol and 9 mL of 1 M NaOH solution. After
shaking, the flask was heated in the boiling water for 10 min.
After cooled to room temperature, the sample solution was
transferred into 100 mL of volumetric flask using distilled
water for cooling capacity. The reaction solution included 5
mL sample solution, 1 mL of 1 M acetate solution, 2 mL of
2% KI−0.2% I2 solution in 100 mL of volumetric flask. After
using distilled water for cooling capacity, the absorption value
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in 720 nm was determined on an ultraviolet visible spectro-
photometer (UV1700PC, Shanghai Aoxi Instrument Co. Ltd.,
China). The potato amylose was used for making the standard
curve.

Content of protein in milled rice was determined according
to ISO 14891 (2002). A rapid N cube nitrogen analyzer
(Elementar Rapid, Germany) was used.

Plasma Apparatus

The cold plasma seed processor HD-3 N from Changzhou
Zhongke Changtai Plasma Technology Co. Ltd., Jiangsu
province, China was used to treat milled rice. The schematic
diagram of this plasma apparatus was shown in our recent
article given by Chen et al. (2019b). A plasma reactor com-
prised a quart-sized glass tube with a thickness of 10 mm,
height of 300 mm, and internal diameter of 300 mm (Dong
et al. 2017b). The top and base plates of the reactor were made
of stainless steel. The electrodes were connected through
Wilson seals on the plates. The base plate had ports through
which the gas/monomer reservoir, Pirani gauge, vacuum
pump, and air admittance valve were connected. The area of
the two parallel electrodes was 280×250 mm and the distance
between the electrodes was kept constant (30 mm) in all the
experiments. The electrodes were capacitively coupled to a
radio frequency (RF) power supply with a frequency of
13.56 MHz. The RF belongs to PSG-II type, and the working
watt range is 0 to 1000 W. The working vacuum is 80 to 180
Pa. The helium, air, and oxygen can be used gas for plasma
generation.

Milled rice samples were uniformly spread on the mesh,
which was kept on a glass stand between the two electrodes.
Initially, the system was evacuated to 20 Pa using three rotary
vacuum pumps to remove any adsorbed gases or water vapors
from the surface of the rice grains. The untreated sample was
also kept in vacuum before characterization. Helium was used
as gas for plasma generation and the working pressure was
then adjusted to 140 Pa using a mass flow controller. The

matching network was adjusted to obtain a stable glow
discharge.

The samples of LJ, SRN, and TLmilled rice were subjected
to helium plasma treatment at a power of 80W and 120W for
20, 40, 60, 80, and 120 s, respectively, but samples of DHX,
CLX and YL were only treated by 120 W CP for 20 s. In
addition, for scanning electron microscopy (SEM) observa-
tion, the samples of TL and CLX were treated by different
power intensity (0, 120, 220, 320, 420, and 520W) of helium
CP for 60 s, respectively.

After CP treatments, a portion of milled rice was stored at a
refrigerator, and about 200 g of untreated and CP treated
milled rice were respectively milled into rice flour at a
Gaosu universal pulverizer (Kewei Yongxing Instrument
Co. Ltd., Beijing, China). The pulverizer has a power of
1000 W and 26,000 rpm/min of rotation rate with 100–120-
mesh degree of grinding. The rice flour was kept at −20°C
until to use.

Effect of Plasma Treatment on Cooking Properties

Cooking Time

Milled rice sample (2 g) was weighed into a glass test tube
with the diameter of 2.5 cm and the length of 20 cm, and
cooked in 20 mL of distilled water in a boiling water bath.
The minimum cooking time was determined by extracting
single rice kernels at different time intervals during cooking,
placing them on a glass plate, and pressing them between two
glass plates. The rice was cooked until no white core was
observed in any kernels after pressing, as reported by Chen
et al. (2012).

Water Uptake Ratio

Milled rice samples (2 g) were cooked in 20 mL of distilled
water for a minimum cooking time in a boiling water bath.
After cooking, the excess water was drained off and the

Table 1 The properties of six Chinese varieties of milled rice used in this study

Rice variety Abbreviate Rice species Moisture content
(%)

Kernel length
(mm)

Kernel width
(mm)

Ratio of kernel
length to width

Protein content
(%)

Amylose content
(%)

Longjiang LJ Japonica 12.8±0.10c 4.7±0.10c 2.6±0.01b 1.7±0.00e 9.8±0.08a 15.84±1.16ab

Sharuan Nian SRN Indica 11.0±0.08e 5.0±0.08b 1.8±0.01f 2.8±0.00b 7.9±0.23c 13.75±1.43b

Tianlong TL Indica 11.2±0.05d 5.6±0.06a 1.9±0.07e 2.9±0.10a 8.4±0.07b 14.92±1.90b

Daohua Xiang DHX Japonica 13.9±0.06b 5.5±0.07a 2.2±0.01d 2.5±0.00c 6.1±0.11e 17.45±1.01a

Changli Xiang CLX Japonica 14.8±0.06a 4.9±0.03b 2.5±0.03c 2.0±0.00d 7.7±0.05c 17.25±0.83a

Yunli YL Japonica 14.9±0.07a 4.6±0.07c 2.7±0.01a 1.7±0.00e 7.4±0.10d 16.19±1.35ab

Contents of protein and amylose inmilled rice was respectively determined according to ISO 14891 (2002) and GB/T 15683–2008 (National Criterion of
China GB/T 15683–2008 2008). All the data are expressed as mean ±standard deviations. Mean with the different superscript letters in a column are
different significantly (p < 0.05)
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contents were transferred onto filter paper to remove the sur-
face water. The cooked samples were weighed on a balance
(0.0001 g, AL204-IC, Mettler Toledo), and the water uptake
ratio was calculated using the procedure described by Singh
et al. (2005).

Gruel Solid Loss

The rice samples (2 g) were cooked in 20mL of distilled water
for minimum cooking time in a boiling water bath. The
resulting gruel was transferred to petri dishes with a diameter
of 15.5 cm and a height of 2.3 cm. The cooked rice was
subjected to repeated washings with distilled water to extract
the solids adhering to the surface of the rice grains. The pooled
extracts were then evaporated at 110°C in an electro-
thermostatic blast oven (DHG 9070A, Blue Sky Laboratory
Instrument, Hangzhou, China) until completely dry. The dried
solids were weighed on a balance (0.0001 g, AL204-IC,
Mettler Toledo), and the percentage of gruel solids was calcu-
lated according to the procedure described by Singh et al.
(2005).

Appearance Quality

The appearance quality of the milled rice was determined by
using an Appearance Quality Instrument of Rice JMWT 12
(Beijing Dongfu Jiuheng Instrument Technology Co. Ltd and
Satake, Beijing, China) as per procedure given by Chen et al.
(2019b). The instrument comprises arrangement device, im-
age acquisition device, and image processing system. The
arrangement device consists of a scan plate and a series of
different type of pore plates, and is used for rapid ar-
ranging rice kernels before image acquisition. Image ac-
quisition device is a scanner (Canoscan 9000F Mark II,
Cannon), which collects image information of rice sam-
ple. Image processing system handles the image infor-
mation of rice sample with a software (Version 2.19) in
a computer and gets appearance feature parameters of
rice image, then discriminates processing according to
the National Standard of P.R.C, GB/T 1354 Milled
Rice, and finally outputs the corresponding quality in-
dexes. The time from image acquisition to displaying
result was below 40 s. About 500 kernels of milled rice
were scanned each time. Each sample was run in tripli-
cate. The quality attributes were as follows: broken ker-
nel percentage (%), unsound kernel percentage (%), yel-
low kernel percentage (%), and chalky rice rate (%), as
well as chalkiness degree (%), length-to-width ratio, and
head rice percentage (%). Unsound kernels include
worm-eaten, spotted, moldy, and damage kernels as well
as sprouted, heat damage, frosted, and immature kernels.

Texture Profile Analysis of Cooked Rice

The texture of the cooked rice after plasma treatment was
analyzed by using a Hardness and Adhesiveness analyzer
RHS-1A from Japanese Satake Manufacturing Co. Ltd
(Suzhou, China) according to the instrumental manual. A cy-
lindrical probe P/36 R with a diameter of 30 mm was used to
measure the texture. The force was measured in terms of com-
pression (kg). The instrument was calibratedwith a 50-kg load
cell. The test speed was 1 mm s−1 and the probe was allowed
to compress 0.5 m min1 to the sample. Each measuring ring
with an inner diameter of 32.0 mm and the thickness of
9.1 mm contained (8.0±0.1) g of cooked japonica rice or
(7.0±0.1) g of cooked indica rice. Five replicate aliquots were
tested on each sample and the recorded values from the
resulting compression cycle for each test were used for texture
profile analysis, which included the attributes of hardness,
adhesiveness, elasticity, and balance. The balance is the ratio
of adhesiveness to hardness.

Gelatinization Properties of Rice Flour

The thermal properties of the flour obtained from the CP-
treated milled rice were determined using a differential scan-
ning calorimeter (DSC) 200F3 (Netzsch, Selb, Germany), as
per procedure given by Han et al. (2017). One gram of each
rice flour sample was ground in a pestle and mortal. Each
ground sample (5.0–5.2 mg) was weighed into an aluminum
crucible on a balance (1 mg, XS105, Mettler Toledo).
Distilled water was added to obtain a water/sample weight
ratio of 2:1. The aluminum crucible was sealed and equilibrat-
ed at 4°C overnight. The DSC temperature was raised from 20
to 110°C at a rate of 10°C min−1. Each sample was run in
triplicate. The resulting data, including onset temperature
(To), peak temperature (Tp), and conclusion temperature (Tc)
of flour gelatinization, as well as peak width (PW), peak en-
thalpy, and the enthalpy of gelatinization (△H), were recorded.

Mixolab Measurement

The Mixolab is an instrument used for analysis of the
thermomechanical properties of wheat dough. As such, the
mixing and pasting behavior of rice flour dough was measured
using a Mixolab (Chopin Technologies, Tripette et Renaud,
Paris, France), as described by Rosell et al. (2007). The
mixing and pasting behavior of the flour under mechanical
and thermal constraints was determined. For an assay at a
constant hydration, 55–60 g of rice flour was placed into the
Mixolab bowl. A dough weighing 90 g with a 60%water level
(14% moisture basis) was evaluated. Both the initial mixing
temperature and the water tank temperature were 30°C. The
mixing speed during the entire analysis was 80 rpm min−1.
The initial mixing was performed at 30°C for 8 min. Then, the
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temperature was increased to 90°C within 15 min at a rate of
4°C min−1. After 7 min at 90°C, the temperature was de-
creased to 50°C within 10 min at a rate of 4°C min−1, and
held for 5 min. The total time of the procedure was 45 min.
The parameters of interest, including protein weakness at con-
stant temperature phase (C1–Cs), amylase activity (C3/C4),
starch breakdown (C3–C4) and starch setback (C5–C4), as well
as dough development time (DDT) and stability time (DST),
were recorded and calculated. Protein weakening (Nm) is the
torque difference between the maximum torque (C1) at 30°C
and the torque (Cs) at the end of the holding time at 30°C.
Amylase activity is the ratio of the maximum gelatinization
torque (C3) during the heating period and a torque (C4) after
holding at 90°C. Starch breakdown is the difference between
C3 and C4. Starch setback (Nm) is the difference between the
torque (C5) produced after cooling at 50°C and the torque (C4)
after the heating period. The maximum gelatinization torque
(C3), heating speed (α, −Nm min−1), gelatinization rate (β,
Nm min-1), and enzymatic degradation speed (γ, −Nm
min−1) were also given.

Scanning Electron Microscopy

The milled rice of an indica variety TL and a japonica variety
CLX was treated by different power intensity of helium CP,
and used for scanning electron microscopy (SEM) observa-
tion. The surface morphology of kernel samples was exam-
ined using a tabletop scanning electron microscope (TM-
1000, Hitachi, Tokyo, Japan). Before SEM observation, sam-
ples were fixed on a specimen holder using double-face tape
and sputter coated with gold (at 2 mbar 3 min).

The Delay Between Cold Plasma Treatment and the Tests

A short-kernel variety of YL milled rice was repeatedly treat-
ed at 120 W for 20 s by the above helium CP apparatus ac-
cording to the procedure in Fig. 1. The untreated (CK) sample
was packed into a No.9 valve bag (280×200×0.04 mm of
length × width × thickness, Apple Brand, Shanghai China
Manufacturing). The CP treated rice (0 h CP) was packaged
i n t o a No .9 va l v e bag and No . 11 va l v e b ag
(400×280×0.04 mm of length × width × thickness), and kept
at room temperature (RT). After CP treatment at the 48th hour,
all the samples were kept at a 4°C refrigerator for 30 days.
During the analysis, all the samples were kept in a carton box
(21×17.5×8 cm) with 3 mm thickness in a 4°C refrigerator.
The measured parameters include moisture content, water
drop contact angle, water adsorption rate, and free fatty acid
(FFA) content, as well as kernel broken index, cooking prop-
erties, and appearance quality.

The effect of the cold plasma on the hydrophilicity of
milled rice was evaluated by water contact angle measure-
ments with a Rame–Hart goniometer (Mountain Lakes,

USA) as per procedure given by Deshmukh and Bhat
(2003). A 2.5 μL droplet of deionized water was put on the
surface of rice kernel and the contact angle was measured
using sessile drop method. Analysis of performed immediate-
ly after deposition of a single droplet of deionized water on the
grain surface. Further the dynamics of the droplet shape was
recorded at every 10 s by a video camera.

The water adsorption rate of milled rice was determined in
a 50 mL plastic centrifugal tube. The 4 g of rice (m1) was
weighed into a tube, and 40 mL distilled water was added
using a glass pod to remove bubbles. The tubes were stood
still at room temperature for 4 h. After taking out the distilled
water, the rice kernels were put on filter paper and drawn the
water on kernel surface. Finally the rice kernels were weighed
as m2. The water adsorption rate of milled rice was calculated
as,

Water adsorption rate %ð Þ ¼ m2−m1

m1
� 100

The content of free fatty acid (FFA) on rice flour was de-
termined according to the procedure described by GB/T

2000 g milled rice

1700 g

300 g CK sample

120W CP treatment for 20s

300 g 0 h sample (once)

1400 g

After 24 h at RT

120W CP treatment for 20s

300 g 24h sample (twice)

1100 g

After 48 h at RT

120W CP treatment for 20s

300 g 48h sample (three times)

800 g

After 30days at 4oC

120W CP treatment for 20s

800 g 30-days
sample (four times)

Fig. 1 TheYL rice sample preparationwith repeating CP treatments. CK,
the untreated sample; CP, cold plasma; RT, room temperature

870 Food Bioprocess Technol  (2021) 14:866–886



5510–2011 (National Criterion of China GB/T 5510–2011
2011). Five grams of rice flour was weighed into a 50 mL
plastic centrifugal tube, 25 mL anhydrous ethyl alcohol was
added, and a lid was covered. The tube was turned upside
down three times, and shaken at a table concentrator for 30
min. After stood still for 1 min, and the tubes were centrifuged
at 2000 rpm for 5 min. The supernatant was used for titration.
The 5 mL sample extract was added 5 mL 0.04% phenol-
phthalein ethanol solution, and titrated with 1.786 mM KOH
ethanol solution.

The broken index of milled rice was defined as the differ-
ence between absorption value in 610 nm and in 690 nm,
according to the method previously reported by Chen et al.
(2019a, b). The sample (2.000 g) of milled rice was dyed by
0.005% fast green FCF (MW 808.85 g/mol, Sigma, USA)
solution for 10 min, and then the sample was washed till the
washing water shows no blue color. The dyed sample was
eluted by 1 mM NaOH for 15 min. The elution was deter-
mined absorption value in 610 nm and 690 nm on an ultravi-
olet visible spectrophotometer (UV1700PC, Shanghai Aoxi
Instrument Co. Ltd.).

Data Analysis

The results were statistically analyzed using SPSS (Version
17.0, SPSS In. 2006). For the untreated (CK) and eight CP
treated samples within each variety, one–way ANOVA meth-
od was used to compare means. For CK and 120W–20s CP
treated samples within each variety, independent-sample t test
was used to compare means. For observing the effect of rice
variety and CP treatment, General Linear Model–Univariate
method was used to compare the means by the LSD test.
Statistical significance was declared at p < 0.05 level.

Results

Effect of Cold Plasma Treatment on Cooking
Properties

The methods for reducing the cooking time are explored for
the preparation of instant rice and designing of rice cookers
(Prasert and Suwannaporn 2009). Table 2 shows the effect of
plasma treatment on the cooking properties of six varieties of
milled rice with varying power and time treatments. In com-
parison to the untreated sample of each variety of milled rice,
the CP treatment significantly (p < 0.05) reduced the cooking
time. With an increased plasma power at the same treatment
time, the cooking time of milled rice was reduced accordingly
for SNR and TL varieties (p < 0.05). The cooking time of the
milled rice treated at 80 W for 120 s was similar to that of
milled rice treated at 120 W for 20 s for the SNR and TL

varieties, while LJ milled rice had similar cooking time be-
tween 120W-20s CP and 80W-60s CP.

CP treatment increased water uptake ratio of the rice ker-
nels of six varieties. For LJ milled rice, the water uptake ratio
of CP treated rice increased with an increase in treatment time
at the same plasma power; however, 80 W CP led to a greater
water uptake ratio than treatment at 120 W for the same
amount of time. For SRN, the milled rice treated with 80 W
CP showed a close water uptake ratio for different treatment
time intervals from 20 to 120 s, while 120 W CP treatment at
20, 40, 60, and 120 s produced a significantly greater water
uptake ratio than 80 W CP at the corresponding treatment
times. For TL, the milled rice treated at 80 W CP showed an
increased water uptake ratio with an increase in treatment time
from 20 to 120 s, while 120 W CP at 20 s and 40 s showed a
higher water uptake compared to the same treatment at 60 s
and 120 s. Both 120 W and 80 W CP at 20 s produced a
significantly greater water uptake ratio than the untreated
milled rice for LJ, SNR and TL varieties. For DHX, CLX,
and YL milled rice, 120W-20s CP treatment resulted in a
significantly (p < 0.05) greater water uptake ratio than the
untreated milled rice.

CP treatment induced the gruel solid loss in all six varieties
of milled rice. For LJ milled rice, the gruel solid loss increased
with CP treatment time for the same watt, whereas the gruel
solid loss of rice treated by 120 W was similar to that of 80 W
CP at the same treatment time. For SNR, CP treatment at
120 W for 20, 40, and 60 s resulted in an accordingly greater
gruel solid loss than CP treatment at 80W for 20, 40, and 60 s,
respectively. TL milled rice treated with CP 80 W and 120 W
induced a similar loss of gruel solid at different treatment
times; all CP treatments significantly (p < 0.05) increased
the gruel solid loss than the untreatment. For DHX, CLX,
and YL milled rice, 120 W-20s CP treatment significantly (p
< 0.05) increased the gruel solid loss than the untreatment.

Considering the overall effect of rice variety (LJ, SRN and
TL) and CP treatments (80W and 120W from 20 to 120 s) on
cooking properties of milled rice (Table 3), SRN and TL
milled rice had lower cooking time than LJ milled rice, and
the water uptake ratio and gruel solid loss were different
among these three rice varieties. All the CP treatments signif-
icantly (p < 0.05) reduced cooking time, and increased the
water uptake ratio and gruel solid loss in these three varieties
of milled rice. The 120 W CP for 20 s had similar cooking
time to 80WCP for 60 s and 120WCP for 40 s. The 80WCP
for 120 s had the lowest cooking time than 80 W CP
from 20 to 60 s, and the 120 W CP for 40 s had the
higher cooking time than 120 W CP from 60 to 120 s.
With increase in CP treated time and power, the water
uptake ratio and gruel solid loss did not show a regu-
larly significant increase. Taking into account the
shorter treatment time of higher power CP, we selected
120 W CP for 20 s to milled rice.
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For the six varieties of milled rice, the analysis of General
Linear Model–Univariate method shows, compared to the
untreatment, CP treatment at 120 W for 20 s significantly
reduced cooking time, and increased the water uptake ratio
and gruel solid loss (Table 4).

Textural Properties of Cooked Rice

The hardness and adhesiveness are two important parameters
for evaluating cooked rice texture and consumer acceptability
(Chen et al. 2012). Table 5 shows that CP treatment affected

the textural properties of all six varieties of milled rice. The
standard values of hardness, adhesiveness, balance, and elas-
ticity of cooked rice are 4–5 kgf, 0.5–0.6 kgf, 0.16–0.18,
and 0.70–0.72 kgf, respectively, as suggested by the
manufacturing company of Hardness and Adhesiveness an-
alyzer RHS-1A. In the present study, the hardness, adhesive-
ness, balance, and elasticity of cooked rice for the six
Chinese varieties were 3.9–4.7 and 3.9–5.2 kgf, 0.9–1.0
and 0.8–0.9 kgf, 0.19–0.24 and 0.16–0.22, and 0.72–0.78
and 0.72–0.74 kgf in 120W–20s CP treated rice and untreat-
ed milled rice, respectively.

Table 2 Effect of plasma
treatment on cooking properties Rice variety CP treatment Cooking time

(min)

Water uptake ratio Gruel solids loss

(mg/g)

LJ CK 19.5±0.30a 2.2±0.02f 40.6±0.26c

80W–20s 17.0±0.00b 2.7±0.15d 41.9±2.50c

80W–40s 17.0±0.00b 2.8±0.15cd 44.6±6.00bc

80W–60s 16.3±0.58cd 3.1±0.15bc 48.9±2.44b

80W–120s 15.3±0.58d 3.6±0.08a 61.6±1.55a

120W–20s 16.7±0.58bc 2.5±0.03e 42.6±2.75c

120W–40s 17.0±0.00b 2.6±0.08de 44.1±4.84bc

120W–60s 16.0±0.00c 2.8±0.14d 50.4±2.23b

120W–120s 15.3±0.58d 3.3±0.11b 61.6±2.54a

SNR CK 16.5±0.06a 2.9±0.02f 37.7±1.60e

80W–20s 15.0±0.00b 3.2±0.16cde 42.2±0.88c

80W–40s 15.0±0.00b 3.1±0.12de 39.1±4.59cde

80W–60s 14.3±0.58cd 3.1±0.10de 39.3±2.61cde

80W–120s 14.0±0.00c 3.0±0.05e 40.3±0.77d

120W–20s 14.0±0.00c 3. 8±0.11a 53.7±0.18a

120W–40s 14.0±0.00c 3.6±0.06b 49.4±2.23b

120W–60s 13.3±0.58de 3.4±0.08c 49.7±5.71ab

120W–120s 12.3±0.58e 3.2±0.08d 40.7±2.02cde

TL CK 16.3±0.15a 2.9±0.05e 38.3±2.03b

80W–20s 15.0±0.00b 3.6±0.08b 61.6±4.05a

80W–40s 15.0±0.00b 3.6±0.08b 59.0±2.29a

80W–60s 15.0±0.00b 3.7±0.04b 58.1±9.66a

80W–120s 14.0±0.00c 3.8±0.02a 54.0±8.19a

120W–20s 14.0±0.00c 3.5±0.01c 53.3±5.30a

120W–40s 13.3±0.58d 3.9±0.16ab 57.7±7.91a

120W–60s 13.0±0.00d 3.3±0.07d 57.3±1.50a

120W–120s 13.0±0.00d 3.2±0.07d 58.4±4.39a

DHX CK 18.0±0.00a 3.1±0.04b 36.7±0.82b

120W–20s 14.0±0.00b 3.3±0.06a 39.7±0.44a

CLX CK 18.5±0.50a 2.5±0.00b 42.3±0.59b

120W–20s 12.0±1.00b 2.8±0.07a 44.1±0.75a

YL CK 19.0±0.00a 1.8±0.15b 40.7±3.27b

120W–20s 13.5±0.50b 2.6±0.19a 55.2±0.02a

CP, cold plasma; CK, the untreated sample. Data are given as the mean ±SD for triplicates. For CK and CP
treatments of the same rice variety, values followed by the different superscript letters are significantly different at
p < 0.05 level according to the LSD test or independent-sample t test
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For LJ variety, compared to the hardness and adhesiveness
of the untreated rice, 80 W CP from 20 to 40 s and 120W CP
for 20 and 60 s significantly reduced the hardness, but other
CP treatments kept the hardness, the adhesiveness of CP treat-
ed rice insignificantly increased with the watt and treatment
time. For SRN variety, 80W–20s, 80W–40s, 80W–120s and
120W–20s CP treatments kept the same hardness with the
untreatment, other CP treatments significantly increased the
hardness. All the CP treatments did not significantly increase
the adhesiveness in the SRN cooked rice. For TL variety,
80W–20s and 120W–20s CP treatments had the same hard-
ness with the untreatment, but other CP treatments significant-
ly increased the hardness. All the CP treatments kept the same
adhesiveness with the untreated TL sample.

For SRN and TL varieties, CP treatments tended to in-
crease the hardness and adhesiveness of cooked rice, wherein
the efficacy of 120 W CP was slightly greater than that of

80 W CP at the same treatment time. In comparison to the
untreatment, 120 W CP for 20 s induced a significant (p >
0.05) decrease in hardness for DHX and YL varieties, but not
for CLX variety, this treatment did not significantly increase
the adhesiveness of cooked rice in these three varieties.

For three varieties of LJ, SRN, and TL milled rice, most of
80 W and 120 W CP at 20–120 s did not significantly change
the balance or elasticity in cooked rice. In comparison to the
untreatment, 120 W CP for 20 s induced a significant increase
in the elasticity for SNR, DHX, CLX, and YL, but not for LJ
and TL. This treatment kept the balance of cooked rice in the
six varieties.

Considering the overall effect of rice variety (LJ, SRN and
TL) and CP treatments (80W and 120W from 20 to 120 s) on
the texture of cooked rice (Table 6), three rice varieties had
different hardness, balance and elasticity. For three varieties,
the combination of CP power and treatment time changed the

Table 3 Effect of rice variety like
LJ, SRN, and TL and CP
treatments on rice cooking
properties

Variety and CP treatment Cooking time

(min)

Water absorption ratio Gruel solid loss

(mg/g)

LJ 16.7±0.09a 2.8±0.05c 48.5±1.28b

SRN 14.3±0.09b 3.3±0.05b 43.6±1.28c

TL 14.3±0.09b 3.5±0.05a 55.3±1.28a

CK 17.4±0.16a 2.7±0.09d 38.9±2.21d

80W–20s 15.7±0.16b 3.2±0.09c 48.6±2.21bc

80W−40s 15.7±0.16b 3.2±0.09c 47.5±2.21c

80W−60s 15.2±0.16c 3.3±0.09bc 48.8±2.21bc

80W−120s 14.4±0.16e 3.5±0.09a 51.9±2.21abc

120W−20s 14.9±0.16cd 3.2±0.09c 49.9±2.21abc

120W−40s 14.8±0.16d 3.4±0.09ab 50.4±2.21abc

120W−60s 14.1±0.16e 3.2±0.09c 52.5±2.21ab

120W−120s 13. 6±0.16f 3.2±0.09c 53.6±2.21a

CP, cold plasma; CK, the untreated sample. All the data are expressed as mean ±SD. Mean with the different
superscript letters in a column are different significantly (p < 0.05).

Table 4 Effect of six rice
varieties and 120W–20s CP
treatment on rice cooking
properties

Variety and CP treatment Cooking time (min) Water absorption ratio Gruel solid loss

(mg/g)

LJ 18.1±0.40a 2.3±0.07c 41.6±1.67c

SRN 15.3±0.40cd 3.3±0.07a 45.7±1.67ab

TL 15.1±0.40d 3.2±0.07a 45.8±1.67ab

DHX 16.0±0.40bc 3.2±0.07a 38.2±1.67d

CLX 15.3±0.40cd 2.6±0.07b 43.2±1.67bc

YL 16.3±0.40b 2.2±0.07c 48.0±1.67a

CK 18.0±0.23a 2.6±0.04b 39.4±0.90b

120W−20s 14.0±0.23b 3.1±0.04a 48.1±0.90a

CP, cold plasma; CK, the untreated sample. All the data are expressed as mean ±SD. Mean with the different
superscript letters in a column are different significantly (p < 0.05)
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hardness and adhesiveness of cooked rice, but remained the
elasticity. Compared with the untreated sample, the CP treat-
ments of 80W–20s, 80W–40s, and 120W–20s kept or reduced
hardness, other CP treatments significantly increased the hard-
ness. The 120W–20s CP, as well as 80W–20s, 80W–60s and
80W–120s CP, insignificantly increased adhesiveness of
cooked rice, but 120w CP from 40 to 120 s significantly in-
creased the adhesiveness. The 120W–20s CP, as well as
80W–40s, 120W–40s and 120W–120s CP, significantly in-
creased the balance.

Using an independent-sample t test to further analyze the
effect of six rice varieties and 120W–20s CP on the texture of

cooked rice, the six varieties such as DHX, CLX, and YL, as
well as LJ, SRN and TL, had different hardness, balance and
elasticity. Compared to the untreatment, CP treatment at
120 W for 20 s significantly reduced hardness, but increase
adhesiveness, balance, and elasticity (Table 7).

Appearance Quality of Milled Rice

The appearance quality of milled rice decides its sale price.
Table 8 shows the effect of CP treatment on the appearance
quality of milled rice. In comparison to the untreated sample,
CP treatment significantly decreased the moisture content in

Table 5 Effect of plasma treatment on the texture of cooked rice

Variety CP
treatment

Hardness
(kgf)

Adhesiveness
(kgf)

Balance Elasticity
(kgf)

LJ CK 5.2±0.08a 0.8±0.25a 0.2±0.05a 0.7±0.02b

80W–20s 4.4±0.15d 0.8±0.21a 0.2±0.05a 0.7±0.04b

80W–40s 4.7±0.18cd 0.9±0.22a 0.2±0.04a 0.7±0.01b

80W–60s 5.0±0.17abc 0.9±0.26a 0.2±0.05a 0.7±0.01b

80W–120s 5.1±0.21ab 0.9±0.20a 0.2±0.04a 0.7±0.02b

120W–20s 4.7±0.30bcd 0.9±0.26a 0.2±0.06a 0.7±0.02b

120W–40s 5.0±0.29abc 1.0±0.16a 0.2±0.03a 0.8±0.03a

120W–60s 5.0±0.09b 1.0±0.13a 0.2±0.02a 0.7±0.01b

120W–120s 5.1±0.31abc 1.1±0.23a 0.2±0.04a 0.7±0.01b

SRN CK 4.3±0.37b 0.8±0.17ab 0.2±0.03a 0.7±0.01b

80W–20s 4.4±0.28b 0.9±0.23ab 0.2±0.06a 0.7±0.01b

80W–40s 4.8±0.27ab 1.0±0.09ab 0.2±0.01a 0.7±0.02b

80W–60s 5.0±0.26a 0.9±0.28ab 0.2±0.05a 0.7±0.02b

80W–120s 4.9±0.37ab 0.8±0.17ab 0.2±0.04a 0.8±0.02a

120W–20s 4.4±0.22b 0.9±0.05b 0.2±0.02a 0.8±0.01a

120W–40s 5.1±0.24a 1.1±0.13a 0.2±0.02a 0.7±0.02b

120W–60s 5.3±0.32a 1.0±0.16ab 0.2±0.03a 0.7±0.01b

120W–120s 5.3±0.23a 1.0±0.05ab 0.2±0.03a 0.7±0.02b

TL CK 3.9±0.03c 0.9±0.09a 0.2±0.04a 0.7±0.01b

80W–20s 4.0±0.14bc 0.9±0.15a 0.2±0.04a 0.8±0.02a

80W–40s 4.1±0.13b 0.9±0.16a 0.2±0.04a 0.7±0.01b

80W–60s 4.2±0.18b 0.9±0.09a 0.2±0.02a 0.8±0.02a

80W–120s 4.3±0.18ab 1.0±0.14a 0.2±0.03a 0.7±0.01b

120W–20s 4.2±0.35abc 1.0±0.14a 0.2±0.05a 0.7±0.03b

120W–40s 4.2±0.13b 0.9±0.09a 0.2±0.02a 0.7±0.01b

120W–60s 4.3±0.33ab 0.9±0.20a 0.2±0.03a 0.7±0.03b

120W–120s 4.5±0.10a 1.0±0.11a 0.2±0.03a 0.7±0.02b

DHX CK 4.8±0.09a 0.9±0.03a 0.2±0.01a 0.7±0.01b

120W–20s 4.2±0.40b 0.9±0.13a 0.2±0.03a 0.8±0.02a

CLX CK 4.5±0.38a 0.9±0.17a 0.2±0.02a 0.7±0.03b

120W–20s 4.1±0.20a 1.0±0.07a 0.2±0.03a 0.8±0.01a

YL CK 4.1±0.07a 0.8±0.06a 0.2±0.02a 0.7±0.01b

120W–20s 3.9±0.04b 0.9±0.05a 0.2±0.03a 0.8±0.03a

CP, cold plasma;CK, the untreated sample. Data are given as the mean ±SD for five replicates. For CK and CP treatments of the same rice variety, values
followed by the different superscript letters are significantly different at p < 0.05 level according to the LSD test or independent-sample t test
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LJ milled rice, however, the moisture did not significantly
reduce with increase in CP power and treatment time. For
SNR, CP treatments at 80W–40s and 120W–20s maintained
the moisture of milled rice, other CP treatments significantly
reduced the moisture content when comparing with the
untreatment. For TL, most of the CP treatments maintained
the moisture content.

Except for CP treatments of 80W–60s and 80W–120s, the
other CP treatments did not significantly (p > 0.05) increase
the broken kernel percentage of LJ milled rice. Eight CP treat-
ments did not significantly alter the percentage of broken ker-
nels in SRN and TL milled rice.

Eight CP treatments also did not significantly (p>0.05)
increase the unsound kernel percentage of LJ, SNR and TL
milled rice. The CP treatments of 80W at 20 to 60s and 120W
at 60 to 120s significantly increased yellow kernel percentage
in LJ milled rice, 120W–20s CP also significantly increased
yellow kernel percentage in TL milled rice.

The CP treatments of 80W–120s, 120W–60s and 120W–
120s for LJ, 80W–120s and 120W–120s for SNR and TL
significantly increased the chalky rice rate. As for the
chalkiness degree, the CP treatments of 80W–120s and
120W–120s for LJ and 80W–120s, 120W–60s and 120W–
120s for SNR induced a significant increase. The kernel

Table 6 Effect of rice variety
such as LJ, SRN, and TL and CP
treatments on cooked rice texture

Variety and CP treatment Hardness

(kgf)

Adhesiveness

(0.1 kgf)

Balance

(0.1)

Elasticity

(0.1 kgf)

LJ 4.9±0.04a 9.2±0.26a 1.9±0.05b 7.4±0.03a

SRN 4.8±0.04b 9.3±0.26a 1.9±0.05b 7.3
±0.03b

TL 4.2±0.04b 9.3±0.26a 2.2±0.05a 7.4±0.03a

CK 4.5±0.07c 8.2±0.45d 1.9±0.09b 7.3±0.05a

80W−20s 4.3±0.07d 8.5±0.45d 2.0
±0.09ab

7.4±0.05a

80W−40s 4.5±0.07c 9.5±0.45abc 2.1±0.09a 7.3±0.05a

80W−60s 4.7±0.07b 8.9±0.45cd 1.9±0.09b 7.4±0.05a

80W−120s 4.8±0.07b 9.1±0.45bcd 1.9±0.09b 7.3±0.05a

120W−20s 4.4
±0.07cd

9.2±0.45bcd 2.1±0.09a 7.4±0.05a

120W−40s 4.7±0.07b 9.8±0.45abc 2.1±0.09a 7.3±0.05a

120W−60s 4.8±0.07b 9.9±0.45ab 2.0
±0.09ab

7.3±0.05a

120W−120s 5.0±0.07a 10.3±0.45a 2.1±0.09a 7.3±0.05a

CP, cold plasma; CK, the untreated sample. All the data are expressed as mean ±SD. Mean with the different
superscript letters in a column are different significantly (p < 0.05)

Table 7 Effect of six rice
varieties and 120W–20s CP
treatment on cooked rice texture

Variety and CP treatment Hardness

(kgf)

Adhesiveness

(0.1 kgf)

Balance

(0.1)

Elasticity

(0.1 kgf)

LJ 5.0±0.10a 8.5±0.44a 1.7±0.11c 7.3±0.07c

SRN 4.4
±0.10b

8.5±0.46a 1.9
±0.11bc

7.3±0.07c

TL 4.1±0.09c 9.0±0.42a 2.2±0.10a 7.4
±0.07bc

DHX 4.5
±0.10b

8.9±0.44a 2.0
±0.11ab

7.6±0.07a

CLX 4.3
±0.10b

9.3±0.46a 2.1
±0.11ab

7.4
±0.07bc

YL 4.0±0.09c 8.5±0.42a 2.2±0.10a 7.5
±0.07ab

CK 4.5±0.06a 8.3±0.25b 1.9±0.06b 7.3±0.04b

120W−20s 4.3
±0.06b

9.2±0.25a 2.2±0.06a 7.5±0.04a

CP, cold plasma; CK, the untreated sample. All the data are expressed as mean ±SD. Mean with the different
superscript letters in a column are different significantly (p < 0.05)
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length-to-width ratio and head rice percentage in LJ, SNR and
TL milled rice were not significantly changed by most of CP
treatments.

For DHX, CLX and YL milled rice, CP treatment at
120W–20s led to the significant lower moisture content in
milled rice than the untreated sample. This treatment

Table 8 Effect of cold plasma treatment on the appearance quality of milled rice

Rice
Variety

Plasma
treatment

Moisture
content
(%)

Broken
kernel
(%)

Unsound
kernel
(%)

Yellow
kernel
(%)

Chalky rice
rate
(%)

Chalkiness
degree
(%)

Length-to-width
ratio

Head rice
percentage
(%)

LJ CK 12.8±0.10a 3.1±1.30b 1.4±0.45a 0.2±0.20c 42.3±2.60c 14.3±2.40c 1.8±0.10a 96.9±1.30a

80W–20s 10.9±0.01f 3.5±0.72b 1.5±0.62a 0.2±0.06b 41.6±4.07c 13.0±2.77c 1.7±0.00a 96.5±0.72a

80W–40s 11.6±0.08e 4.1±0.29b 0.9±0.15a 0.6±0.26a 41.8
±12.50bc

13.9±4.79bc 1.7±0.00a 95.9±0.29a

80W–60s 11.8±0.01c 5.2±0.67a 1.1±0.32a 0.5±0.12a 49.5±5.41bc 16.5±1.46bc 1.7±0.00a 94.8±0.67b

80W–120s 11.7±0.09cde 6.1±0.66a 0.8±0.79ab 0.1±0.15bc 51.8±3.80b 18.7±1.59b 1.7±0.00a 93.9±0.66b

120W–20s 11.7±0.07de 4.3±1.40ab 2.3±1.00b 0.5±0.20c 47.4±5.33bc 16.0±2.86bc 1.7±0.00a 95.7±1.40ab

120W–40s 11.6±0.10de 4.7±0.87ab 2.8±2.15a 0.1±0.17bc 48.9
±13.23abc

17.0±4.83abc 1.7±0.00a 95.3±0.87ab

120W–60s 11.9±0.05b 4.4±1.15ab 1.7±0.40b 0.4±0.32ab 52.2±3.75b 17.7±2.27bc 1.7±0.00a 95.6±1.15ab

120W–120s 11.8±0.11bcd 5.0±0.82ab 1.7±1.86ab 0.4±0.06a 63.7±2.55a 23.7±2.07a 1.7±0.00a 95.0±0.82ab

SRN CK 11.0±0.08ab 24.5
±1.70ab

6.7±2.82ab 0.7±0.47a 13.4±1.66cd 4.6±0.23b 2.8±0.06b 75.5±1.70ab

80W–20s 10.7±0.05e 22.9±1.00b 5.1±2.65b 0.3±0.26a 12.1±1.72d 4.1±0.79b 2.8±0.06b 77.1±1.00a

80W–40s 11.0±0.02b 26.9±1.58a 7.9±5.79ab 0.7±0.26a 11.8±2.14d 3.9±0.60b 2.8±0.21ab 73.1±1.58b

80W–60s 10.9±0.04c 27.3±2.50a 9.4±6.02ab 0.5±0.26a 18.1
±3.09abc

5.8±1.39ab 2.7±0.12b 72.7±2.50b

80W–120s 10.1±0.08f 25.7±1.63a 7.2±0.96b 0.3±0.21a 20.9±3.90ab 6.8±1.53a 2.8±0.00b 74.3±1.63b

120W–20s 11.1±0.04a 24.3
±4.51ab

4.7±2.06b 0.7±0.20a 14.1
±2.97bcd

5.1±1.15ab 2.8±0.06b 75.7±4.51ab

120W–40s 10.9±0.07cd 25.7±1.54a 6.4±1.97b 0.6±0.26a 16.1
±3.93abcd

5.5±1.15ab 2.8±0.06b 74.3±1.54b

120W–60s 10.8±0.03d 26.4±1.57a 6.8±2.69ab 0.4±0.25a 16.9
±2.29abc

5.5±0.60a 2.8±0.06b 73.6±1.57b

120W–120s 10.8±0.06cde 25.6
±3.31ab

9.5±1.11a 0.6±0.26a 19.0±1.63a 6.6±1.23a 2.9±0.00a 74.4±3.31ab

TL CK 11.2±0.05ab 25.3±2.25a 9.9±5.13a 1.0±0.06b 12.7±2.05b 4.3±1.42ab 2.8±0.12ab 74.7±2.25b

80W–20s 10.9±0.08c 22.9
±3.11ab

8.4±1.27a 0.7±0.45bc 9.6±4.65b 3.0±1.19b 2.8±0.02b 77.1±3.11ab

80W–40s 11.1±0.09b 23.5
±1.56ab

7.0±1.96a 0.4±0.21c 17.7±4.05ab 5.9±1.27a 2.8±0.12ab 76.5±1.56b

80W–60s 11.2±0.09ab 22.0
±2.42ab

7.0±2.46a 0.5±0.36c 12.4±0.95b 3.6±0.36b 2.9±0.10ab 78.0±2.42ab

80W–120s 11.2±0.07ab 20.8
±3.56ab

6.6±0.53a 0.7±0.31bc 17.7±1.22a 6.1±0.84a 2.9±0.06a 79.2±3.56ab

120W–20s 11.2±0.06ab 25.5±1.37a 11.9±9.79a 1.8±0.61a 9.8±3.72b 3.1±1.31b 2.9±0.00a 74.5±1.37b

120W–40s 11.3±0.06a 23.9
±2.45ab

5.8±1.31a 0.6±0.29c 15.9±3.46ab 5.4±1.23ab 3.0±0.10a 76.1±2.45ab

120W–60s 11.3±0.06a 25.5±1.65a 9.7±3.30a 0.8±0.06bc 15.5±2.27ab 4.9±1.18ab 2.9±0.06a 74.5±1.65b

120W–120s 11.1±0.03b 20.6±1.32b 6.9±2.99a 0.7±0.25bc 19.4±3.27a 5.8±1.12a 2.9±0.06a 79.4±1.32a

DHX CK 13.9±0.06a 12.9±2.03a 3.2±0.64a 0.1±0.06a 17.9±1.79a 4.5±0.65a 2.5±0.15a 87.8±2.58a

120W–20s 13.3±0.07b 11.1±1.67a 3.3±1.13a 0.2±0.20a 20.7±4.20a 4.6±1.30a 2.5±0.06a 88.5±1.97a

CLX CK 14.8±0.06a 1.1±0.50a 1.5±1.27a 0.0±0.00a 4.2±2.42b 1.0±0.53b 2.1±0.00a 98.9±0.51a

120W–20s 14.5±0.08b 2.6±1.31a 2.8±0.95a 0.0±0.00a 11.5±0.95a 2.1±0.44a 2.1±0.00a 97.4±1.31a

YL CK 14.9±0.07a 3.6±0.78a 4.1±0.96a 0.0±0.00a 0.0±0.0b 0.0±0.00b 1.7±0.15a 96.4±0.84a

120W–20s 14.2±0.09b 1.6±1.21b 0.7±0.57b 0.0±0.00a 8.8±1.31a 1.7±0.26a 1.7±0.00a 98.3±1.22a

CP, cold plasma; CK, the untreated sample. Data are given as the mean ±SD for triplicates. For CK and CP treatments of the same rice variety, values
followed by the different superscript letters are significantly different at p < 0.05 level according to the LSD test or independent-sample t test

876 Food Bioprocess Technol  (2021) 14:866–886



significantly increased the chalky rice rate and chalkiness de-
gree in CLX and YL milled rice.

Considering the overall effect of rice variety (LJ, SRN and
TL) and CP treatments (80W and 120W from 20 to 120 s) on
the appearance quality of milled rice (Table 9), three rice va-
rieties had difference in the percentage in broken kernel, un-
sound kernel, yellow kernel, and chalky rice rate, as well as
chalkiness degree, length-to-width ratio and head rice percent-
age. The combination of CP power and treatment time mainly
had an influence on the chalky rice rate and chalkiness degree.
With increase in CP power and treatment time, the chalky rice
rate and chalkiness degree increased. Compared with the un-
treated sample, the CP treatments of 80W from 20 to 40 s and
120 W at 20s kept chalky rice rate and chalkiness degree.

Further comparing the effect of six rice varieties and
120W–20s CP on the appearance quality of milled rice

(Table 10), 120W–20s CP induced significantly higher per-
centage of chalky rice rate and yellow kernel.

Thermal Properties of Milled Rice Flour

The gelatinization temperature is used for indicating the re-
quired energy for initiating starch gelatinization (Wang et al.
2010). Table 11 shows the effect of plasma treatment on ther-
mal properties of milled rice. For LJ, SRN, and TLmilled rice,
CP 120 W for 20 s did not significantly change neither the
onset temperature (To), peak temperature (Tp), or final tem-
perature (Tc) of rice flour gelatinization, nor the enthalpy (ΔH)
of gelatinization. In contrast to the untreatment, this CP treat-
ment kept the peak width of SRN and TL, and peak enthalpy
of LJ and TL. For DHX milled rice, the same treatment

Table 9 Effect of rice variety such as LJ, SRN, and TL and CP treatments on the appearance quality of milled rice

Variety and CP
treatment

Broken
kernel
(%)

Unsound
kernel
(%)

Yellow
kernel
(%)

Chalky rice
rate
(%)

Chalkiness
degree
(%)

Length-to-width
ratio

Head rice
percentage
(%)

LJ 4.5±0.42c 1.6±0.60b 0.3±0.06c 48.8±0.96a 16.8±0.42a 1.7±0.014c 95.5±0.42a

SRN 25.5±0.42a 7.1±0.60a 0.5±0.06b 15.8±0.96b 5.3±0.42b 2.8±0.014b 74.5±0.42c

TL 23.3±0.42b 8.1±0.60a 0.8±0.06a 14.5±0.96b 4.7±0.42b 2.9±0.014a 76.7±0.42b

CK 17.7±0.73abc 6.0±1.04a 0.6±0.11b 22.8±1.66e 7.7±0.72ef 2.5±0.025a 82.3±0.73ab

80W−20s 16.4±0.73c 5.0±1.04a 0.4±0.11b 21.1±1.66e 6.7±0.72f 2.4±0.025b 83.6±0.73a

80W−40s 18.2±0.73ab 5.3±1.04a 0.6±0.11b 23.8±1.66de 7.9±0.72def 2.5±0.025b 81.8±0.73b

80W−60s 18.2±0.73ab 5.9±1.04a 0.5±0.11b 26.7±1.66cd 8.7±0.72cde 2.4±0.025b 81.8±0.73b

80W−120s 17.5±0.73abc 4.9±1.04a 0.4±0.11b 30.1±1.66b 10.5±0.72b 2.5±0.025a 82.5±0.73b

120W−20s 18.0±0.73ab 6.3±1.04a 1.0±0.11a 23.8±1.66de 8.1±0.72cdef 2.5±0.025a 82.0±0.73b

120W−40s 18.1±0.73ab 5.0±1.04a 0.4±0.11b 27.0±1.66bcd 9.3±0.72bcd 2.5±0.025a 81.9±0.73b

120W−60s 18.8±0.73a 6.1±1.04a 0.5±0.11b 28.2±1.66bc 9.4±0.72bc 2.4±0.025b 81.2±0.73b

120W−120s 17.1±0.73bc 6.0±1.04a 0.6±0.11b 34.0±1.66a 12.0±0.72a 2.5±0.025a 82.9±0.73ab

CP, cold plasma; CK, the untreated sample. All the data are expressed as mean ±SD. Mean with the different superscript letters in a column are different
significantly (p < 0.05).

Table 10 Effect of six rice varieties and 120W–20s CP treatment on the appearance quality of milled rice

Variety and CP
treatment

Broken
kernel
(%)

Unsound
kernel
(%)

Yellow
kernel
(%)

Chalky rice
rate
(%)

Chalkiness
degree
(%)

Length-to-width
ratio

Head rice
percentage
(%)

LJ 3.7±0.75c 1.9±1.34c 0.4±0.11c 44.9±1.38a 15.2±0.54a 1.7±0.03e 96.3±0.81b

SRN 24.4±0.75a 5.7±1.34b 0.7±0.11b 13.7±1.38c 4.8±0.54b 2.8±0.03b 75.6±0.81d

TL 25.4±0.75a 10.9±1.34a 1.4±0.11a 11.3±1.38c 3.7±0.54c 2.9±0.03a 74.6±0.81d

DHX 12.0±0.75b 3.3±1.34bc 0.1±0.11d 19.3±1.38b 4.6±0.54bc 2.5±0.03c 88.1±0.81c

CLX 1.8±0.75d 2.2±1.34c 0.0±0.11d 7.8±1.38d 1.6±0.54d 2.1±0.03d 98.2±0.81a

YL 2.6±0.75cd 2.4±1.34c 0.0±0.11d 4.4±1.38e 0.8±0.54d 1.7±0.03e 97.4±0.81ab

CK 11.8±0.43a 4.5±0.77a 0.3±0.07b 15.1±0.79b 4.8±0.31a 2.3±0.02a 88.4±0.47a

120W−20s 11.6±0.43a 4.3±0.77a 0.5±0.07a 18.7±0.79a 5.4±0.31a 2.3±0.02a 88.3±0.47a

CP, cold plasma; CK, the untreated sample. All the data are expressed as mean ±SD. Mean with the different superscript letters in a column are different
significantly (p < 0.05)
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(120W–20s CP) for significantly decreased To and Tc, but did
not change any of thermal parameters of the rice flour.

Consider the overall effect of rice variety and CP treatment
on thermal properties of milled rice (Table 12), SRN and TL
milled rice had similar peak temperature and enthalpy of ge-
latinization, which is different from those of LJ and
DHX. Compared with the untreatment, the 120 W CP
for 20 s kept the average Tp, peak enthalpy and ΔH of
these four varieties of milled rice while significantly
decreased To and Tc with a significant increase in peak
width of gelatinization.

Thermomechanical Properties of Rice Flour Dough

Gel hydration properties are used to assess the starch
gelatinization and protein denaturation during thermal
treatment (de la Hera et al. 2013). Figure 2 shows
curves representing the changes in the rice dough be-
havior during mixing, heating, and cooling. From the
plot obtained for two varieties of milled rice, such as
CLX and DHX, the difference between the CP-treated

sample and the untreated sample was bigger during the
mixing step (first part of the curve), where the proteins
play the main role, as the dough is affected by a me-
chanical constraint. However, during the heating and
cooling cycles, these differences decreased.

Table 13 shows the effect of plasma treatment on the ther-
mal and mechanical properties of rice flour dough at a con-
stant hydration. In comparison to the untreated samples, CP
treatment at 120 W for 20 s significantly increased dough
development time (DDT) of the flour from six varieties of
milled rice, namely LJ, SRN, TL, DHX, CLX, and YL, as
well as significantly increased the dough stability time
(DST) of LJ, TL, DHX, and CLX rice flours.

C1–Cs shows the protein weakening degree of rice flour
dough. For five varieties, namely LJ, SRN, TL, DHX and
CLX milled rice, 120W–20s plasma treatment significantly
reduced the C1–Cs of rice dough.

For LJ, SRN, and CLX milled rice, 120W–20s plasma
treatment significantly increased the maximum gelatinization
torque (C3) of rice dough, and kept the C3 of DHX and YL
rice dough, but decreased the C3 of TL rice dough.

Table 11 Effect of plasma treatment on thermal properties of milled rice

Rice variety CP treatment To
(°C)

Tp

(°C)
Tc
(°C)

Peak width
(°C)

Peak enthalpy
(0.1 mW/mg)

△H
(J/g)

LJ CK 63.0±0.20b 69.3±0.10c 76.4±0.23b 3.5±0.06c 1.5±0.08bc 7.5±0.76a

120W–20s 62.8±0.32b 69.4±0.15c 76.5±0.42b 3.7±0.12b 1.4±0.03c 7.6±0.54a

SRN CK 66.2±0.06a 71.8±0.35ab 78.5±0.25a 3.2±0.06d 1.7±0.05a 7.8±0.43a

120W–20s 66.5±0.21a 72.1±0.00a 78.9±0.21a 3.3±0.10d 1.6±0.04b 7.8±0.15a

TL CK 66.7±0.17a 71.8±0.25b 79.4±0.20a 3.2±0.06d 1.7±0.12ab 7.5±0.30a

120W–20s 66.7±0.17a 71.9±0.21ab 78.7±0.32a 3.3±0.06d 1.7±0.05a 7.7±0.21a

DHX CK 59.4±0.15c 66.7±0.15d 74.7±0.06c 4.3±0.15a 0.9±0.06d 5.3±0.29b

120W–20s 56.4±0.56d 66.8±0.76d 72.8±0.06d 4.5±0.21a 0.8±0.17d 5.4±0.46b

CP, cold plasma;CK, the untreated sample. To, onset temperature of gelatinization; Tp, peak temp.; Tc, conclusion temp.; △H, enthalpy of gelatinization.
Data are given as the mean ±SD for triplicates. For each thermal property, the values followed by the same superscript letter in the column are not
significantly different at p < 0.05 according to the LSD test

Table 12 Effect of six rice varieties and 120W–20s CP treatment on thermal properties of milled rice

Variety and CP treatment To

(°C)
Tp
(°C)

Tc
(°C)

Peak width
(°C)

Peak enthalpy
(0.1 mW/mg)

△H
(J/g)

LJ 62.8±0.31b 69.3±0.13b 76.5±0.22b 3.6±0.05b 1.5±0.03c 7.5±0.16a

SRN 66.4±0.31a 71.9±0.13a 78.7±0.22a 3.3±0.05c 1.6±0.03b 7.8±0.16a

TL 66.7±0.31a 71.9±0.13a 79.0±0.22a 3.3±0.05c 1.7±0.03a 7.6±0.16a

DHX 57.9±0.31c 66.7±0.13c 73.8±0.22c 4.4±0.05a 0.9±0.03d 5.4±0.16b

CK 63.8±0.22a 69.9±0.09a 77.2±0.15a 3.6±0.03b 1.4±0.02a 7.0±0.11a

120W−20s 63.1±0.22b 70.0±0.09a 76.7±0.15b 3.7±0.03a 1.4±0.02a 7.1±0.11a

CP, cold plasma; CK, the untreated sample. All the data are expressed as mean ±SD. Mean with the different superscript letters in a column are different
significantly (p < 0.05)
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120W–20s CP treatment significantly increased the amy-
lase activity (C3/C4) and starch breakdown (C3–C4) of LJ and
DHX rice dough, but maintained the starch retrogradation
(C5–C4) of all six varieties of rice dough.

CP treatment significantly increased the heating speed (α) of
SRN, TL, and DHX rice dough, and also significantly increasing
the starch gelatinization speed (β) of TL, CLX and YL rice
dough. However, CP treatment significantly decreased the enzy-
matic degradation speed (γ) of TL rice dough.

The Mixolab parameters of interest in rice dough were
affected by rice varieties (Table 14). For the six rice varieties,
compared with the untreated samples, 120W–20s plasma
treatment significantly increased the average values in DDT,

DST, and C3, as well as C3–C4, α and β, but significantly
decreased the average C1–Cs, C5–C4 and γ.

Scanning Electron Microscopy of Milled Rice

The SEM micrographs were used to reveal the etching effect
of cold plasma (Thirumdas et al. 2016a). The SEM micro-
graphs of untreated and helium CP-treated rice kernels of TL
and CLX varieties are shown in Figs. 3 and 4, respectively.
The indica milled rice of TL was processed into milled rice in
the laboratory by milling 150 g of rough rice for 30 s. The
japonica rice of CLX was gotten from a rice processing enter-
prise. The results in Figs. 3a and 4a indicate that the surface
morphology of untreated rice kernel was smooth and regular.
After the CP treatment at 120 W for 60 s, some scraggly
structures appeared on the kernel surface (Figs. 3b and 4b).
After being treated at 220 W CP for 60 s, cavities and cracks
appeared, meanwhile some small particles aggregated togeth-
er to form bigger piles on the surface (Figs. 3c and 4c). At the
higher intensities of 320W, 420W and 520WCP for 60 s, the
kernel surface was found to be distorted apparently, as shown
in Figs. 3d and 4d, 3e and 4e, and 3f and 4f, respectively.
These results demonstrated that the surface structure of an
intact kernel would be altered by different power strengths
of helium plasma, and the aggregation of small particles led
to the rough surface of rice kernel.

The CP Repeating Treatments on Milled Rice

The contact angle formed between a water drop placed on the
surface of a material and its variation with time is related to the
wettability of the material (Andrade et al. 2005). As shown in
Table 15, the YL milled rice treated repeatedly with helium
120W–20s CP at 24 h (twice), 48 h (three times) and 30 days
(four times) showed a steadily significant decrease in water
drop contact angle and FFA, despite that a reduction in mois-
ture content and an increase in water adsorption rate were
changed accordingly to treatment times. In contrast to
the once treatment, the CP repetition treatments did not
significantly alter kernel broken index. Compared to the
untreated sample, 120W–20s CP and its repeating treat-
ments significantly decreased rice cooking time by 4.5-
5.5 min (Table 16), but the repeating CP treatments did
not decrease the cooking time. The cooking time was
set at 15.5 min, the water uptake ratio and gruel solids
loss were increased significantly with the treatment
times. Compared with the 0 h sample of once CP treat-
ment, the repeating CP treatments at 24 h (twice), 48 h
(three times) and 30 d (four times) tended to decrease
the full length and full width of rice kernel, but signif-
icantly increased chalky rice rate and chalkiness degree,
maintaining the ratio of full length/width, head rice per-
cent, unsound kernel and yellow kernel (Table 17).
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Fig. 2 Mixolab analysis of rice dough behavior during mixing, heating,
and cooling. a CLX; b DHX. CK, the untreated sample; CP, the cold
plasma treated samples with 120W−20s; T, rice flour dough temperature
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Discussion

Different rice varieties and types may have differential re-
sponse to cold plasma treatment. Plasma treatment reduced
the cooking time to 13.15 min from 20.1 min for basmati rice
(Thirumdas et al. 2016a) and 11.0–14.2min from 24.7min for
Taichung Sen (TCS 10) brown rice (Chen 2014). In our study,
after plasma treatment, the cooking time of three types of
milled rice, short-kernel (LJ and YL, L/W 1.7–1.8),
medium-kernel (CLX and DHX, L/W 2.1–2.5), and long-
kernel (SRN and TL, L/W 2.8–2.9), was reduced from 19.0–
19.5 min to 13.5–15.3 min, 18.0–18.5 min to 12.0–14.0 min,
and 16.2–16.5 min to 12.3–13.0 min, respectively. It seems
that the Chinese medium- and short- kernel milled rice clearly
shorten cooking time than long-kernel milled rice after CP
treatment. We chose 120W–20s CP to treat the six varieties
of milled rice, in that its treated rice in LJ, SRN and TL vari-
eties had similar cooking properties to 80W–60s CP, kept the
similar cooked texture to 80W–40s CP, and also had similar
chalky rice rate and chalkiness degree to 80W–60s CP.

120W–20s CP treatment increased the water uptake ratio of
rice kernels for the six varieties of milled rice studied. This
could be attributed to the easy penetration of water into the
rice grain compared to the untreated sample. Similar observa-
tions have been previously reported in plasma-treated basmati
rice (Thirumdas et al. 2016a) and brown rice (Chen et al.
2012). CP treatment also induced loss in gruel solids after
cooking in the six varieties of milled rice, possibly due to
the amount and molecular weight of the amylose leaching
from the starch granules and the gelatinization of the starch
remnants (Loh 1992).

In the present study, the cooked rice from 120W–20s CP
treatment had significantly higher adhesiveness, balance, and
elasticity and significantly lower hardness than the untreated
sample, which is indicative of a higher score of cooked rice
with sensory evaluation. Zhou et al. (2007) reported that the

parameters of hardness and adhesiveness are related to the
hydration process of starch granules. CP treatment in-
creased the adhesiveness of cooked rice while decreas-
ing the hardness, maybe due to increase in the hydro-
philicity of milled rice.

Low pressure plasma treatment has been conducted to the
modification of parboiled rice and its flour (Sarangapani et al.
2015, 2016), and basmati rice flour (Thirumdas et al. 2016b).
Few studies have investigated the flour pasting behavior of
CP-treated milled rice. A rapid visco analysis (RVA) is usu-
ally used to investigate the pasting characteristics of rice flour
suspensions, however, the present study used the Mixolab
(Chopin, Paris, France) to study the mixing and pasting be-
havior of the rice flour dough and blends (Rosell et al. 2007).
In present study, CP treatment at 120 W for 20 s was found to
significantly decrease the stability of the protein network (C1–
Cs) and the starch retrogradation (C5–C4) of the rice dough
while increasing maximum gelatinization torque (C3) and
starch breakdown (C3–C4). This was reflected by the higher
speeds of heating (α) and starch gelatinization (β) and the
lower speed of enzymatic degradation (γ). CP treatment also
significantly increased the dough development time (DDT)
and stability time (DST) of rice dough. Thirumdas et al.
(2017b) observed that the peak viscosity of rice starch in-
creased after Radio frequency air plasma treatment. Pal et al.
(2016) suggested that the cross-linking of starch molecules
induced by plasma oxidation resulted in a higher peak viscos-
ity compared to the untreated sample. Our results suggest that
the increased C3 of the rice dough may easily leach out of the
amylose molecules due to a weakening of the bonds or the
breakdown of bonds caused by plasma reactive species.

The enthalpy values obtained by differential scanning cal-
orimetry (DSC) are indictive of the degree of the starch dam-
age occurring during grinding. Lower enthalpy values are cor-
related with a greater damage of the starch (Rosell and Marco
2008). In this study, for the samples of four varieties of milled

Table 14 Effect of six rice varieties and 120W–20s CP treatment on thermal mechanical properties of rice flour dough at constant hydration

Variety and DDT DST C1-Cs C3 C3/C4 C3-C4 C5-C4 α β γ

CP treatment (min) (min) (0.1 Nm) (Nm) (0.1 Nm) (Nm) (−0.1 Nm/min) (0.1 Nm/min) (−0.1 Nm/min)

LJ 5.7±0.39a 5.9±0.53b 0.7±0.36bc 2.7±0.02d 1.3±0.01a 6.9±0.29ab 1.4±0.04a 0.6±0.12a 6.9±0.23a 1.0±0.08a

SRN 5.3±0.39ab 8.1±0.53a 0.4±0.36c 2.2±0.02f 1.3±0.01a 4.5±0.29c 1.1±0.04c 0.7±0.12ab 4.9±0.23c 0.9±0.08a

TL 4.1±0.39c 7.2±0.53a 1.1±0.36bc 2.3±0.02e 1.3±0.01a 4.7±0.29c 1.1±0.04c 0.8±0.12a 5.0±0.23bc 0.7±0.08b

DHX 3.5±0.39c 7.5±0.53a 2.5±0.36a 3.1±0.02a 1.3±0.01a 7.2±0.29a 1.4±0.04a 0.5±0.12b 6.6±0.23a 0.7±0.08b

CLX 4.9±0.39b 7.8±0.53a 0.8±0.36bc 2.9±0.02b 1.3±0.01a 6.7±0.29ab 1.4±0.04a 0.7±0.12ab 5.2±0.23bc 0.9±0.08a

YL 3.7±0.39c 7.6±0.53a 1.3±0.36b 2.8±0.02c 1.3±0.01a 6.3±0.29b 1.3±0.04a 0.7±0.12ab 5.4±0.23b 0.7±0.08b

CK 3.2±0.23b 6.6±0.31b 1.9±0.21a 2.6±0.01b 1.3±0.01a 5.4±0.17b 1.3±0.03a 0.9±0.07a 5.3±0.13b 0.7±0.05b

120W−20s 5.9±0.23a 8.0±0.31a 0.4±0.21b 2.7±0.01a 1.3±0.01a 6.7±0.17a 1.2±0.03b 0.4±0.07b 7.0±0.13a 0.9±0.05a

CP, cold plasma; CK, the untreated sample. All the data are expressed as mean ±SD. Mean with the different superscript letters in a column are different
significantly (p < 0.05)
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rice, 120 W helium CP treatment for 20 s did not significantly
increase the average peak gelatinization temperature (Tp) and
enthalpy values of gelatinization (ΔH). Thirumdas et al.
(2017b) used 40 W and 60 W air Radio frequency plasma
(13.56 MHz, 0.15 mbar) to treat rice starch for 5 and 10
min, respectively. Their results showed that the peak temper-
ature (Tp) of gelatinization and gelatinization enthalpy (ΔH)
were not significantly changed. Wongsagonsup et al. (2014)
found that, at lower plasma power levels, the plasma species
initiated the cross-linking of starch chains and increased Tp,
while, at higher plasma power levels, plasma species induced
the depolymerization of starch chains and decreased Tp. These

differences indicate that the penetration power of plasma into
food is limited.

We also explore the effect of helium CP repeating treat-
ments on milled rice. Compared to the untreated sample,
120W–20s CP and its repeating treatments significantly de-
creased rice cooking time and water drop contact angle, but
the repeating CP treatments did not decrease the cooking time.
At the same cooking time, the water uptake ratio and gruel
solids loss were increased significantly with the treatment
times. Compared with the 0 h sample of once CP treatment,
the repeating CP treatments at 24 h (twice), 48 h (three times)
and 30 d (four times) tended to decrease the full length and full

Fig. 3 Scanning electron microscopic micrographs of an indica variety of TL milled rice treated by different power of helium cold plasma. a The
untreated sample; b 120W−60s CP; c 220W−60s CP; d 320W−60s CP; e 420W−60s CP; f 520W−60s CP
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Fig. 4 Scanning electron microscopic micrographs of a japonica variety
of CLX milled rice treated by different power of helium cold plasma. a

The untreated sample; b 120W−60s CP; c 220W−60s CP; d 320W−60s
CP; e 420W−60s CP; f 520W−60s CP

Table 15 The water drop contact
angle and water adsorption rate of
YL milled rice with CP repetition
treatment

CP treatment
time
and
repetitions

Moisture
content

(%)

Water drop contact
angle

(°)

Water
adsorption rate
(%)

FFA (mgKOH/
100g)

Kernel broken
index

(D610−D690)/g

CK (0) 12.7±0.06a 79.7±2.90a 29.1±1.39d 34.3±10.03a 0.6±0.01b

0 h (1) 12.6±0.02b 73.8±1.98b 30.9±0.19c 22.5±16.58ab 0.7±0.02a

24 h (2) 11.3±0.05e 60.8±1.43c 36.6±1.40a 11.9±5.26b 0.8±0.09a

48 h (3) 11.9±0.05c 55.2±4.42cd 34.8±0.20b 13.5±2.46b 0.7±0.04a

30 d (4) 11.7±0.01d 53.6±1.94d 37.1±0.45a 5.2±3.31b 0.7±0.01a

CP, cold plasma; CK, the untreated sample. Data are given as the mean ±SD for triplicates. The values followed
by the different superscript letters are significantly different at p < 0.05 according to the LSD test
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width of rice kernel, but significantly increased chalky rice
rate and chalkiness degree, maintaining the ratio of full
length/width, head rice percent and yellow kernel. The in-
crease in chalky rice rate and chalkiness degree after CP treat-
ment should be further studied.

In the present study, as the helium CP power strength in-
creased from 120 to 520 W, the surface rupture of rice kernel
becomes more severe and gradually they lose their original
shapes. Superficial damage was caused by plasma etching to
different extents at various power levels. We infer that the
aggregation of small surface particles at the surface of starch
granules could be due to the Van der Waal’s force and elec-
trostatic force during plasma reaction. Han et al. (2009) reported
that a use of pulsed electric fields treatment on corn starch could
cause damage on the protective envelope of starch granules, thus
assisting further penetrative damage and leading to a better
water-absorbing and swelling ability. Based on the results pre-
sented in this study, further study is needed in order to clarify
how helium CP changes the fine structure of starch and physico-
chemical properties in milled rice.

Conclusion

In comparison to the untreated sample, 120W–20s
helium plasma significantly reduced the cooking time
of six Chinese varieties of milled rice while increasing

their water uptake and gruel solid loss. This treatment
also significantly reduced the overall hardness while in-
creasing the adhesiveness, balance, and elasticity in the
texture of cooked rice. CP treatment significantly in-
creased the heating speed (α) and starch gelatinization
speed (β), and significantly decreased enzymatic degra-
dation speed (γ) in a rice dough behavior during
mixing, heating, and cooling, thus significantly lowered
stability in protein network (C1–Cs) and starch retrogra-
dation (C5–C4), but increased the maximum gelatiniza-
tion torque (C3) and starch breakdown (C3–C4). Except
for chalky rice rate, 120W–20s helium plasma did not
change any of the appearance quality parameters of the
milled rice, including the unsound kernel and broken
kernel percentage. Helium CP treatment kept the peak
gelatinization temperature (Tp) and enthalpy of gelatini-
zation (ΔH) in rice flour, according to differential scan-
ning calorimetry (DSC). As helium CP power strength
increased from 120 to 520 W, the surface rupture of
rice kernel becomes more severe and gradually they
lose their original shapes. Superficial damage was
caused by plasma etching to different extents at various
powers. The CP repetition treatments on milled rice sig-
nificantly decreased in water drop contact angle and
FFA, but increased in water adsorption rate. The reason
for an increase in chalky rice rate and chalkiness degree
after CP treatment should be further studied.

Table 16 The cooking properties
of YL milled rice with CP
repetition treatment

CP treatment time and repetitions Cooking time

(min)

Water uptake ratio Gruel solids loss

(mg/g)

CK (0) 20.0±0.52a 2.3±0.05d 13.7±0.59d

0 h (1) 14.5±0.42c 2.4±0.04c 15.1±0.62c

24 h (2) 15.5±0.43b 2.9±0.06b 17.0±1.14b

48 h (3) 15.0±0.50bc 2.9±0.06b 16.2±0.99bc

30 d (4) 15.5±0.40b 3.1±0.05a 20.7±1.08a

CP, cold plasma; CK, the untreated sample. Data are given as the mean ±SD for triplicates. The values followed
by the different superscript letters are significantly different at p< 0.05 according to the LSD test

Table 17 The appearance quality of YL milled rice with CP repetition treatment

CP treatment
time and repetitions

Full length
(mm)

Full width
(mm)

Ratio of full
length/width

Head rice percent
(%)

Unsound kernel

(%)

Yellow kernel
(%)

Chalky
rice rate
(%)

Chalkiness degree
(%)

CK (0) 4.4±0.02b 2.7±0.02b 1.6±0.00a 81.3±3.91a 2.5±2.43ab 0.2±0.15a 19.0±3.81c 4.9±1.07c

0 h (1) 4.5±0.06a 2.8±0.04a 1.6±0.01a 84.5±2.24a 2.6±0.50a 0.0±0.00a 24.4±3.99c 5.6±0.93c

24 h (2) 4.4±0.04ab 2.7±0.05b 1.6±0.02a 82.9±2.00a 3.1±1.06a 0.2±0.17a 38.2±7.60b 8.6±1.50b

48 h (3) 4.5±0.14ab 2.7±0.04b 1.6±0.03a 88.0±5.82a 2.4±1.54a 0.1±0.17a 33.6±3.05b 8.1±0.78b

30 d (4) 4.3±0.04c 2.7±0.02b 1.6±0.01a 83.4±1.09a 0.4±0.26b 0.0±0.00a 67.2±2.54a 26.5±2.50a

CP, cold plasma; CK, the untreated sample. Data are given as the mean ±SD for triplicates. The values followed by the different superscript letters are
significantly different at p < 0.05 according to the LSD test
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