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Abstract
This study was aimed to investigate the inhibition of the deteriorations of rice bran by infrared radiation (IR) heating
and its effects on the chemical and biological profiles during short-term storage. Freshly milled paddy rice bran was
exposed to the IR until the surface temperature reached 85 °C. The results indicated that after 20 days of storage,
the activities of relevant enzymes, including lipase, lipoxygenase, and peroxidase all decreased after IR-treated. The
rising trend of the free fatty acid content decreased significantly during storage. IR treatment can reduce the
oxidation and hydroperoxides of rice bran, which can control the rise of peroxide value till the 15 days of storage
(9.7 meq/kg). The contents of palmitic acid (C16:0), oleic acid (C18:1), and linoleic acid (C18:2) were well
maintained by IR heating during the whole storage period. The aroma of fresh rice bran was acceptably preserved
with abundant amount of aldehydes and alkanes. After quantification of the volatile chemical compounds in rice
bran, potential biomarkers specific for rice bran storage should be highlighted, being 3-octen-2-one, acetophenone,
2,4-dimethylcumene, 5,6-dimethylindane, and phytane. This study illustrates that the IR processing can effectively
guarantee the stabilization of rice bran in terms of desirable FAs profiles, relevant enzymes activities, and aroma
features.
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Abbreviations
CK Control check
d.b Dry basis
FAs Fatty acids
FFAs Free fatty acids
IR Infrared radiation
LOX Lipoxygenase
MC Moisture content
MUFA Monounsaturated fatty acids
POD Peroxidase
POV Peroxide value
PUFA Polyunsaturated fatty acids
RB Rice bran
RBO Rice bran oil
SFA Saturated fatty acids

Introduction

Rice bran is a by-product of the grain milling process,
representing 5–8% of the total grain (Silventoinen et al.
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2019). It is a natural source of protein (12–16%), fat (15–
20%), crude fiber (23–28%), ash (7–8%), carbohydrates, vi-
tamins, minerals, essential unsaturated fatty acids, and pheno-
lic compounds (Zhu et al. 2017; Patil et al. 2016). It also has
remarkable contents of naturally occurring antioxidants such
as tocopherols, tocotrienols, and γ-oryzanol, which are known
to have hypocholesterolemic effects and help lower the inci-
dences of oxidative-stress-related diseases like cancer, cardio-
vascular disorders, inflammation, aging, and obesity (Chua
et al., 2019; Kong et al. 2012). Therefore, rice bran, especially
its natural nutrients, has important preventive and therapeutic
significance for human health. However, despite its high nu-
tritional value, rice bran is currently underutilized and fre-
quently wasted, except for producing oil. The single most
factor restricting its use as a food ingredient is its instability
during storage. This instability is generally attributed to the
lipase enzymes present in the outer layers of the rice kernel,
which is primarily responsible for the hydrolysis of triglycer-
ides into glycerol and free fatty acids (FFAs) (Shen et al.
1997). When rice is milled, the bran is scoured with the lipase
exposed to the oxygen in air. Then, the oxidation starts,
resulting in oil quality deterioration and off-flavor forming
(Eshghi et al. 2014). The FFAs in the oil usually exceed
10% in only less than 1 week, and then, the rice bran oil is
no longer suitable for human consumption (Qian et al. 2014).
Besides, both lipoxygenase and peroxidase are also the key
enzymes responsible for the deterioration of rice bran, al-
though to a lesser extent (Orthoefer 2005). Therefore, it is a
normal and meanwhile effective practice that the bran un-
dergoes a stabilization process to inactivate the potent lipase
enzymes immediately after milling to extend the storage time
at ambient conditions with FFA concentration controlled at a
low level (less than 10%) before oil extraction (Wang et al.
2017).

Currently, several approaches have been investigated to
stabilize rice bran, including the chemical methods (Xia
et al., 2020) and heating process (Peanparkdee et al. 2018,
Kim et al. 2014). However, these stabilization processes are
typically time-consuming and may not be appropriate for the
on-line system and industry purposes. Infrared radiation (IR),
as one of the newly emerging food processing technologies,
has gradually drawn the attention of researchers for its remark-
able reduction of technology costs. It may offer a promising
potential in achieving efficient drying and simultaneously
inactivating the lipase in rice bran without affecting its quality.
When IR is used to heat or dry moist materials, the radiation
impinges on the exposed material and penetrates it, and then
the radiation energy is converted into heat (Krishnamurthy
et al., 2008). The penetration could provide more uniform
heating in the kernel of rice bran, and may reduce the moisture
gradient during heating and drying. Our previously consecu-
tive studies have confirmed that IR can be an effective ap-
proach to extend the storage stability and lives for both rough

and brown rice by achieving high drying efficiency, good
milling quality, and simultaneously inactivating the lipases,
and thus extending the storage (Ding et al. 2015; Ding et al.,
2018). This suggests that IRmight provide us a more effective
way to improve the utilization of rice bran without affecting its
oil quality (Yılmaz et al. 2014). However, to date, there is no
literature systematically investigating the effects of IR heating
on the preservation of rice bran. In addition, the underlying
mechanisms are also poorly understood.

Considering this, this work aimed to investigate the effects
of IR heating on the biological and chemical changes of rice
bran, including (1) the activities of key enzymes, (2) the FFA
concentration and peroxide value (POV) of the rice bran oil
over the storage periods, (3) the composition of volatiles and
FAs, and (4) sensory aroma characteristics. Then, the relation-
ships between lipid oxidation and volatile compound compo-
sition were discussed with the underlying mechanisms
explored.

Materials and Methods

Samples

As one of the main cultivated japonica rice in Jiangsu prov-
ince in China, freshly harvested var. No.5 Huaiyin japonica
rice was selected in this study. It was obtained from Shibuqiao
Grain Reserve Depot (Nanjing, Jiangsu province). Then,
freshly milled rice bran was collected from a commercial rice
mill, and was cleaned using BS sieve no.40 (425 μm aperture)
to remove the broken pieces of rice, husk, and other foreign
materials. The moisture content (MC) of rice bran was 8.73 ±
0.10% in dry basis (d.b.). All MC of rice bran was determined
by the standard air oven method at 105 °C for 90 min (ASAE
1995) in an electric dry oven (Model 101-3AS, Sujin
Instrument Factory, Shang Hai, China), and was expressed
as percentage in dry mass basis with triplicates.
Subsequently, rice bran was packed in air tight double-
layered polythene bag, and was stored at − 20 °C to prevent
the hydrolysis of FAs by lipases.

IR heating treatment

A laboratory-scale ceramic infrared drying device provided by
Maybo Innovation (MB-EHR12/10KW, Zhen Jiang) was
used to treat the rice bran. The infrared drying device consists
of an IR emitter, a circulating fan, a sample holder, and a
control panel (Pei et al. 2018). The IR emitter is the source
of IR radiation (HFS, Elstein-Werk, Germany). It has a max-
imum surface temperature of 630 °C, and a corresponding
peak wavelength of 3.2 mm assuming a blackbody. The tem-
perature of the IR emitter could be continuously adjusted dur-
ing the range of 20 to 630 °C based on the experiment
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requirements. The rice bran was separately placed in one-layer
steel container (size, length × width × height = 21 × 9 × 1.2
cm). To eliminate the inhomogeneous heating for IR process-
ing, total 50 g sample was equally tiled on the bottom of
container for 2 ± 0.5 mm thickness.

Before using, the IR emitter was adjusted to the preset
temperature (300 °C) to warm up the device. After 20 min
of preheating, the temperature of the IR device became stable.
Then, the rice bran samples were placed in single layer at a 15-
cm distance under the IR emitter. Then, they were heated to
until the surface temperature reached 85 °C. The temperature
of the IR emitter was controlled using the control panel. The
temperature of the heated rice bran was measured using a
type-K thermocouple and RDXL4SD thermometer (time con-
stant of 0.15 s, OMEGA Engineering Inc., Stamford, USA).
Four thermocouples were equidistantly fixed and were placed
inside the rice bran layer to continuously measure the
temperature.

Storage and testing

To imitate the actual shelf storage conditions, the rice bran
was packed with air-tight double-layered polythene bag, and
then was stored in an incubator at the temperature of 20 ± 2
°C. Each 100 g samples was randomly selected from IR and
CK groups at different time points (0, 5, 10, 15, and 20 days),
and then transferred to refrigerator at − 20 °C for subsequent
analysis. Each analysis was carried out in triplicate, and the
mean value was calculated and used in further analysis.

Preparation of rice bran oil

Bran samples were extracted with n-hexane. Briefly, 20 g of
rice bran were dispersed in n-hexane (300 mL). Then, the
dispersion was magnetic-stirred at room temperature (20 °C)
for 1 h. After stirring, the beaker was placed in the fume hood
for 30 min, and the supernatant liquid was later extracted. The
residue was repeatedly extracted using 200 mL n-hexane.
Later, both extracts were mixed and were centrifuged at
4000g for 30 min using a centrifuge (TG16-WS, Changsha,
China). The supernatant was collected in the round bottom
flask. Then, it was evaporated until n-hexane was removed
using a rotary evaporator under vacuum system at 30 °C.
The dried extracts were then analyzed for FFA concentration
and POV. The defatted rice bran is naturally dried in the fume
hood to determinate the activities of the key enzymes.

Measurement of enzymes activities

Lipase activity

Lipase activity was determined using a spectrophotometric
assay (U-3900, Hitachi, Japan) with p-nitrophenol (p-NP) as

substrate. Briefly, 2 mL of p-NPP (0.09 mg/mL) substrate
solution was added in a 50-mL centrifuge tube, which was
preheated in a water bath at 37 °C for 5 min. Then, 0.5 mL
liquid enzyme was added. After 10 min, 2.5 mL trichloroace-
tic acid (0.5 mol/L) was immediately added, and was mixed
evenly. After 5 min, the reaction was terminated. Then, 0.5
mol/L NaOH was added until the pH reached the same before
the reaction. The absorbance at 405 nm was recorded. One
unit of lipase activity was defined as the micromoles of p-NP
liberated by the hydrolysis of lipase liquid per minute.

Lipoxygenase activity

Lipoxygenase (LOX) activity was determined as described by
Ramezanzadeh et al. (1999) with some modifications. A total
of 2.9 mL of substrate was pipetted into a cuvet (10-mm light
path), and was oxygenated thoroughly by bubbing oxygen for
a few minutes. Then, 0.1 mL of enzyme solution was rapidly
added and was well mixed. Then, the increase in absorbance at
234 nm versus the blank was recorded with a spectrophotom-
eter (U-3900, Hitachi, Japan). One unit of LOX activity was
defined as the change in the absorbance of 0.001/min in a
3-mL volume (1-cm light path) when linoleic acid was used
as a substrate.

Peroxidase activity

Peroxidase (POD) activity was determined by a modified
method from Schmidt et al. (2014). The rate of POD-
dependent oxidation of guaiacol was measured in the presence
of hydrogen peroxide (H2O2), which was determined using
0.2 ml of enzyme extract, 1 ml of 30 mM H2O2, and 2 mL
of a 5-mM guaiacol solution, with the final volume of the tube
being completed to 4 ml with buffer (pH = 7). The reaction
lasted 10 min at 30 °C. Then, the absorbance was detected at
470 nm.

FFAs concentration and the POV value

The FFA concentration of the rice bran oil was detected using
the method described by Pourali et al. (2009), and was
expressed with unit in rice bran oil (g/100 g RBO). The
POV was evaluated using the method proposed by Shantha
and Decker (1994). The results were presented in terms of
milliequivalents per kilogram of rice bran.

Major volatile compounds and FFA composition

Major volatile compounds were detected according to the
method described by Liu et al. (2016). The GC (6890A;
Agilent Technologies, USA) coupled to an MS system
(5975C, Agilent Technologies, USA) with a HP-5MS column
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(30 m × 0.32 mm × 0.5 μm; Agilent, CA, USA) was utilized
in this work.

The FFA profiles were characterized by measuring FA
methyl esters. Extraction and methyl esterification of FFAs
were carried out according to the procedures as previously
described by Goffman and Bergman (2003) with some mod-
ifications. Briefly, samples (100 mg) were mixed with sodium
methoxide (0.5 M, 1 mL), followed by the addition of 100 μL
of methyl heptadecanoate (2 mg/L; B21161-20 mg, GC
grade), which was dissolved in isooctane (I103237-500 mL,
GC grade), and was used as internal standard. Then, the sol-
vent was evaporated in vacuum, and the samples were added
with 1 mL of solution with isooctane in sodium bisulfate (5%,
w/v). Then, the mix solution was centrifuged at 3400g for 10
min. The obtained isooctane phase (1 μL) was preserved and
was injected for further GC analysis.

The GC system (namely the Agilent 6890 N) equipped
with a CD-2560 column (100 m × 0.25 mm × 0.2 μm) was
used to identify the chemical composition. Conditions were
set as follows: (1) the oven temperature program started at 70
°C with 5 min holding time, then increased to 200 °C at 25
°C/min, and was followed by 2 °C/min increase up to 260 °C;
(2) the temperatures for injection, detector, and ion source
were set at 270, 150, and 230 °C, respectively; (3) the flowing
rate of the carrier gas (99.999% purified helium) was 1 mL/
min, and the split ratio was 5:1; (4) MSD was operated in
electron impact mode at 70 eV, using full scan m/z from 33
to 500.

Statistical analysis

The entire experiment was performed in triplicates, and the
data were presented as mean values. Two way analysis of
variance (ANOVA) and correlation analysis was performed
using the GraphPad Prism 7 software to identify significant
differences among different treatments. These calculations
were performed after firstly computing the means of side-
by-side replicates. Then, those means were further analyzed.

Results

Changes in the enzyme activities among different
treatments

As shown in Fig. 1a, the lipase activity of the IR-treated rice
bran was lower than those of the untreated (p < 0.05). In
addition, depending on the storage period, the lipase activity
of rice bran gradually increased and then reached the maxi-
mum values (276.86 and 251.52 U/mL) after 20 days of
storage.

Storage period had a significant (p < 0.05) effect on the
LOX activity of both untreated and IR-treated rice bran in

most samples (Fig. 1b). Significant fluctuations were ob-
served in LOX activity for all samples with significant chang-
es observed at every storage time. The LOX activity in rice
bran, regardless of treatment methods, did not deviate signif-
icantly after 20 days of storage. The LOX activity of untreated
rice bran decreased significantly only between 10 and 15 days
of storage. It was higher than that of the IR-treated one after 20
days of storage. Although a large decrease of LOX activity
was observed during 20 days of storage, the trend generally
increased.

Similarly, as shown in Fig. 1c, the activity of POD fluctu-
ated. The enzyme activity of untreated rice bran was signifi-
cantly higher than that of the infrared treated one (p < 0.01).
After infrared treatment, the POD activity of the samples de-
creased significantly, and the activity was all below 15%.
During the 20 days of storage, the POD activity of the IR-
treated bran slightly increased to the peak values at the 10th
day.

Changes in FFA concentration and POV in rice bran
during storage

The above results have indicated that the IR processing can
remove a large amount of moisture, as well as inhibited the
enzyme activity in regard to degradation. Hence, the contents
of FFAs and POV responses of the rice bran were measured
immediately after the milling procedures, and are shown in
Fig. 2.

The FFA content in rice bran exhibited an increased trend
till the end of storage regardless of the treatment methods (Fig.
2a). At the beginning of storage, the FFA contents of in both
the control check (CK) and IR rice bran were 5.41% and
5.21%, respectively, with no significant difference (P >
0.05) observed. It increased sharply to 49.87% after 20 days
of storage in the CK samples, while limited increase of the
FFA content was observed in the IR group (14.11% for 20
days storage). More specifically, the FFA content increased to
more than 15% in both treatments during less than 5 days of
storage. All IR-treatment samples exhibited significantly low-
er FFA contents than the CK group at the first 5 days of
storage.

Figure 2b shows the changes in the POV of rice bran
samples during storage. At the beginning, the POV of the
CK and IR treatment was 2.67 and 2.80 meq/kg, respec-
tively. Then, the values increased to 43.93 meq/kg (for
CK) and 15.67 meq/kg (for IR), respectively, during the
20 days of storage. The POV of the CK treatment reached
the maximum level of 49.10 meq/kg during the first 15
days of storage, then not significantly decreased to 43.93
meq/kg. In contrast, the POV slowly increased to near 15
meq/kg after 20 days of storage with a significant effect
observed in treatment methods (p < 0.01).

1680 Food Bioprocess Technol (2020) 13:1677–1687



Composition of FAs in rice bran

The content of FAs, including saturated fatty acids (SFA),
monounsaturated fatty acids (MUFA) and polyunsaturated
fatty acids (PUFA) in rice bran, was identified and quantified
with the data shown in Table 1. Initially, the content of PUFA
was higher than those of MUFA and SFA in rice bran.
Specifically, palmitic acid (C16:0), oleic acid (C18:1), and
linoleic acid (C18:2) were the major acids of the SFA,
MUFA, and PUFA, respectively. These FAswere compressed
over 95% of the SFA, MUFA, and PUFA, respectively. In the
CK treatment, the total SFA content decreased constantly
from 17.9 to 8.0 mg/g during the 20 days of storage. Similar
results were also observed in the total MUFA and PUFA con-
tents, which decreased significantly from 35.83 to 18.5 mg/g
(p < 0.05), and 37.5 to 19.4 mg/g (p < 0.05), respectively. The
contents of the total MUFA and PUFAwere both twice higher
than that of SFA among the 20 days of storage.

Dislike the results of the CK treatment, the total contents of
SFA, MUFA, and PUFA in the IR-treated rice bran increased
significantly by 1.2, 1.6, and 2.57 mg/g, respectively. In ad-
dition, we found that the MUFA and PUFA contents were
both higher than that of SFA during 20 days of storage in

treated group. The correlations among the several quality at-
tributes are shown in Table 2. The data in the CK treatment
indicated that the FA content was significantly correlated (p <
0.01) with the lipase activity. Dislike the results in CK, the
contents of essential fatty acids had no significant difference
with that of FFAs, POV, and the activities of key enzymes in
the treated group during storage period. The results suggested
that the FAs, including palmitic acid, stearic acid, oleic acid,
linoleic acid, and linolenic acid, can be highly influenced by
the IR pretreatment.

Composition of volatile compounds in rice bran

The chemical compounds in rice bran might be changed by
the IR treatment in this experiment, so the flavor of the sam-
ples was analyzed to assess the hydrolytic rancidity using GC/
MS. Forty-seven volatile compounds were identified and
qualified by GC/MS from the extract of rice bran. The results
are shown in Table 3. Two ester, six aldehydes, three ketones,
one ethers, two alcohols, two phenols, twenty-five alkanes,
and six other volatile chemical compounds are identified and
quantified, which were defined as the major key volatile
chemical components in rice bran. Alkanes were the major

Fig. 2 FFA concentration and peroxide value of rice bran during storage. Values with different letter upon the column are significantly different (p <
0.05); values are mean ± SD (n = 3)

Fig. 1 Activity of key enzymes of bran during storage. Values with different letter upon the column are significantly different (p < 0.05); values are mean
± SD (n = 3)
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category components in CK at the beginning of the storage
with a value of 3.10 ± 0.4 μg/kg. However, the content de-
creased significantly to 0.15 ± 0.02 μg/kg (p < 0.05) after 20
days of storage. As expected, similar results (from 3.87 ± 0.51
to 0.12 ± 0.02 μg/kg) were also found in the alkane content in
the IR-treated samples, suggesting that alkanes may contribute
to the fresh aroma of the samples throughout the storage.
However, the total amount of aldehydes and alcohols in-
creased significantly (p < 0.05) during the whole storage pe-
riod in all samples.

The compositions of the volatile chemical compounds in
both treatments were different. 3-Octen-2-one, acetophenone,
2,4-dimethylcumene, 5,6-dimethylindane, and phytane were
only detected in the control, while butylated hydroxytoluene
was found only in the IR-treated sample. Additionally, the
contents of esters, aldehydes, and phenols in the IR-treated
group were significantly higher (p < 0.05) than those in the
CK.

Discussion

According to the results above, it took only less than 1 min to
heat the rice bran up to the 85 °C during the IR treatment, then
the lipase activity of the rice bran was significantly decreased
from 145.21 to 116.66 U/mL. By comparison, the inactivation
effect of lipase in treated group still maintained during 20 days
of storage at 20 °C. Similar result from Li et al. (2016) also
investigated the application of IR on wheat germ, and the
result indicated that lipase activity of wheat germ deceased
(p < 0.05) with the processing temperature and processing
period. The present result also agrees with our previous stud-
ies (Ding et al. 2015; Pei et al. 2018), where IR treatment can

be represented an effective processing to inactive of lipase in
raw and brown rice, as well as reduce the moisture of rice
kernel at the same. After IR processing, the spatial structure
or three-dimensional conformation of lipase in rice bran was
damaged or affected to the certain extent. Then, its activity
was partially compromised, thus reducing the lipid hydrolysis
in rice bran (Krishnamurthy et al. 2008; Sawai et al. 2003)
investigated the inactivation of the lipase and a-amylase dur-
ing treatment by IR, and found that certain enzyme reactions
were inactivated by IR at the bulk temperature of 30 to 40 °C.

Similarly, the activities of LOX and POD were sharply
decreased (p < 0.01) from 4.82 to 1.41 U/mL, and from
13.83 to 9.93 U/mL, respectively. From the results, the stabi-
lization of LOX and POD activities in IR-treated rice bran
both had significant decrease (p < 0.05) with that of the control
during the 20 days of storage at 20 °C. Especially, the initial
reducing rate for LOX and POD inactivation was both at least
40% after IR-treated immediately. Similar results have also
shown that the infrared treatment was sufficient for complete
inactivation the LOX in soybean samples (Yalcin and
Basman, 2015). This phenomenon can be explained from
the perspective of the energy absorption and moisture content
in samples.When the radiant spectra impinge upon the sample
surface, it can induce changes in the vibrational and rotational
states of molecules, which can lead the constantly radiative
heating (Krishnamurthy et al. 2008). The activities of enzymes
were then significantly decreased with the processing temper-
ature of the samples (Li et al. 2016). Moreover, previous study
demonstrated that there is the significantly positive correlation
between enzyme activity with the moisture content and water
activity. The lipase and LOX activity of the most germ sam-
ples significantly decreased after IR-treated during the storage
period. Brunschwiler et al. (2013) also found that rice bran

Table 1 Fatty acid composition of rice bran during storage (unit mg/g)

Free fatty acid IR treatment CK

0 d 5 d 10 d 15 d 20 d 0 d 5 d 10 d 15 d 20 d

SFA
Palmitic acid (C16:0) 17.5 ± 0.8bc 17.7 ± 0.0b 18.6 ± 0.0a 16.7 ± 0.0de 16.8 ± 0.2cd 16.4 ± 0.0ef 12.1 ± 0.0g 10.0 ± 0.0h 8.1 ± 0.0i 7.4 ± 0.0i

Stearic acid (C18:0) 1.4 ± 0.1ab 1.4 ± 0.0abcd 1.5 ± 0.0a 1.3 ± 0.0cf 1.4 ± 0.1bc 1.3 ± 0.1ce 1.0 ± 0.0g 0.8 ± 0.0h 0.7 ± 0.0i 0.6 ± 0.0i

Arachidic acid (C20:0) 0.5 ± 0.0a 0.5 ± 0.0a n.d. n.d. n.d. 0.5 ± 0.0a n.d. n.d. n.d. n.d.
Total SFA 19.1 ± 0.1b 19.5 ± 0.0b 20.1 ± 0.1a 18.0 ± 0.0d 18.2 ± 0.2c 17.9 ± 0.3d 13.0 ± 0.0e 10.8 ± 0.0f 8.7 ± 0.0g 8.0 ± 0.0h

MUFA
Oleic acid (C18:1) 38.2 ± 0.7bc 38.5 ± 0.0ab 41.0 ± 0.1a 37.1 ± 0.1bce 37.7 ± 0.1bcd 35.7 ± 1.6def 27.8 ± 0.1g 24.0 ± 0.0h 19.7 ± 0.0i 18.5 ± 0.0i

Eicosenoic acid
(C20:1)

0.5 ± 0.0a n.d. n.d. n.d. n.d. 0.47 ± 0.0a n.d. n.d. n.d. n.d.

Total MUFA 38.4 ± 0.9b 38.5 ± 0.0b 41.0 ± 0.1a 37.1 ± 0.1c 37.7 ± 0.1c 35.8 ± 1.5d 27.8 ± 0.1e 24.0 ± 0.0f 19.7 ± 0.0g 18.5 ± 0.0h

PUFA
Linoleic acid (C18:2) 38.4 ± 1.4ac 38.6 ± 0.0ab 41.1 ± 0.0a 37.2 ± 0.1bce 37.8 ± 0.2bcd 35.6 ± 1.2def 28.4 ± 0.0g 24.3 ± 0.0h 20.2 ± 0.0i 18.5 ± 0.0i

Linolenic acid (C18:3) 2.1 ± 0.1ab 2.1 ± 0.0ac 2.2 ± 0.0a 2.0 ± 0.1ad 1.2 ± 1.1defh 1.9 ± 0.1ae 1.5 ± 0.0af 1.3 ± 0.0defg 1.0 ± 0.0fi 0.9 ± 0.0i

Total PUFA 40.6 ± 1.5bc 40.7 ± 0.0b 43.4 ± 0.0a 39.2 ± 0.1c 39.0 ± 0.9c 37.5 ± 1.3d 29.9 ± 0.0e 25.5 ± 0.0f 21.2 ± 0.0g 19.4 ± 0.0h

Same letter behind numbers within the same row is not significantly different at level p = 0.05

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; n.d, not detected; CK, control check; d, day
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moisture content was an important parameter for an effective
lipase/esterase inactivation. In addition, Wang et al. (2017)
suggested that both short and medium wave infrared drying
could reduce the water activity appreciably (p < 0.01) by con-
trolling the content of immobilized water in samples, which
can reduce the enzyme activity to inhibit the oxidation of
lipids in the sample. As the result, IR can quickly rise the
temperature of sample at the high level which then directly
destroy the structure of enzymes in the short-time period, as
well as can reduce the water activity appreciably by control-
ling the content of immobilized water in samples
(Ramezanzadeh et al. 1999). For a better understanding of
the potential mechanisms, the activities of lipase, LOX, and
POD should be investigated in the IR-treated bran with differ-
ent moisture content, as warrants further studies.

Based on the above result, the storage stability (including
FFA content and POV) was taken into consideration. The
initial FFAcontent in treated andCKsampleswasvery close,
with 5.41% and 5.21%, respectively. The POVs of treated
andCK in the initial storage period (0 d) in rice bran are 2.80
± 1.04 and 2.67 ± 0.58meq/kg, respectively. It is known that
the multiple effects of the external (such as light, tempera-
ture, oxygen) and internal environments (such as moisture
content and enzyme activity) affect rate of oxidation (Jaisut
et al., 2009; Irakli et al., 2018); high amounts of peroxide
were produced during the reactions, which led to reduced
quality of rice bran. Generally, the decreased concentration
of FFAs can reduce the subsequent lipid oxidation and the
production of aldehydes and ketones, since FFAs is the sub-
strate of lipid oxidase, thus improving the lipid stability of
rice bran. However, the rapid oxidation reaction existed in
raw rice bran (data in CK group), and the FFA content in-
creased to more than 15% during 5 days of storage. Wang
et al. (2017) also study the infrared radiation heating on
rough rice and rice bran. Their results showed that it takes

only less than 7 days to make the FFAs in the rice bran oil
exceed 10%, and then oil is no longer acceptable for human
consumption. Similar results also be found in POV in fresh
rice bran during storage. As expect, lower FFA content and
POVduring storagewere achievedusing IRheating.After 20
days of storage, the corresponding FFA content and POV
were 14.11 and 15.67 meq/kg, respectively. It is important
to notice that the considerable enzyme inactivation reduced
the oxidation and hydroperoxides in the rice bran.According
to Codex Alimentarious Commission, the acceptable limita-
tion of POV for rice bran oil is less than 10 meq/kg. Hence,
results of the present study demonstrated the efficacy of IR in
controlling the rise of POV till the 15 days of storage (9.7
meq/kg). Similar results were also found that IR with energy
efficient heating process can induce the decomposition of
some of the formed hydro-peroxide, thus resulting in the
production of volatile degradation products (Eshghi et al.
2014).

During storage, lipids in rice bran break down quickly and
release FFAs, which are decomposed into small-molecule vol-
atiles. Oxidative degradation of unsaturated FAs produces ke-
tones and aldehydes, and the oxidative degradation of linoleic
acids generates hexane (Mottram, 1998). With the analysis of
volatile components in rice bran, hexanal is one of the most
important chemicals in action during the stabilized procedure,
and constantly rises during the whole storage period. This
might be attributed to the main aldehydes produced from cat-
alytic lipid oxidation by LOX enzyme. Similar result was also
found in the POV in rice bran. The secondary oxidation prod-
uct, namely aldehyde ketones, is relative to the intermediate of
peroxide oxidation. In addition, when rice bran was kept at a
high temperature under the infrared treatment, the lipase ac-
tivity decreased by 19.4% compared with the control. Since
rice bran contains much protein, the Maillard reaction was
liable to occur at high temperatures, leading to the changes

Table 2 Correlation analysis between quality attributes

Group Category FFAs POV Lipase activity LOX activity POD activity

IR Palmitic acid − 0.572 − 0.728 − 0.635 0.023 0.641

Stearic acid − 0.554 − 0.665 − 0.629 − 0.057 0.603

Oleic acid − 0.359 − 0.597 − 0.426 0.009 0.658

Linoleic acid − 0.387 − 0.613 − 0.450 − 0.013 0.638

Linolenic acid − 0.800 − 0.981** − 0.720 0.238 0.293

CK Palmitic acid − 0.991** − 0.531 − 0.969** − 0.496 − 0.073

Stearic acid − 0.983** − 0.523 − 0.958** − 0.499 − 0.037

Oleic acid − 0.993** − 0.504 − 0.968** − 0.460 − 0.065

Linoleic acid − 0.997** − 0.507 − 0.975** − 0.452 − 0.089

Linolenic acid − 0.997** − 0.504 − 0.974** − 0.451 − 0.093

*At level of significance p = 0.05
**At level of significance p = 0.01
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Table 3 Major volatile compounds identified from SPME/GC/MS (unit × 10−3 μg/kg)

Volatile compounds IR treatment Control

0 d 5 d 10 d 15 d 20 d 0 d 5 d 10 d 15 d 20 d

Esters
Dihydroactinidiolide 3.5 ± 0.4bc 2.6 ± 0.2def 3.6 ± 0.3b 2.5 ±

0.2def
2.7 ±

0.2de
n.d. n.d. 5.3 ± 0.6a 3.0 ±

0.2cd
n.d.

Phthalic acid, isobutyl
octyl ester

3.1 ± 0.3b 1.2 ± 0.1i 1.8 ± 0.1d 4.1 ± 0.5a 1.1 ± 0.1j 1.8 ± 0.2cde 2.2 ± 0.2c 1.4 ± 0.2gh 1.5 ± 0.1g 1.8 ±
0.1def

Total 6.6 ± 0.69a 3.8 ± 0.79c 5.4 ± 0.31b 6.5 ±
0.66a

3.8 ±
0.14c

1.8 ± 0.21d 2.2 ± 0.21d 6.7 ± 0.8a 4.5 ±
0.28c

1.8 ±
0.13d

Aldehydes
Hexanal 56.3 ±

7.4def
39.6 ± 5.0h 63.4 ± 8.3d 196.0 ±

26.0ab
236.9 ±

31.4a
17.8 ± 2.2i 19.0 ± 2.3i 56.4 ±

7.3de
107.4 ±

14.1c
55.3 ±

7.2defg

Benzaldehyde 100.9 ±
13.3a

87.7 ±
11.4abc

81.7 ±
10.8abcd

70.4 ±
9.2bcde

94.8 ±
12.5ab

n.d. 32.8 ± 4.2h 69.0 ±
8.9cdef

41.6 ±
5.4gh

52.6 ±
6.8fg

Benzeneacetaldehyde n.d. 5.9 ± 0.6bcd 5.7 ± 0.5bcde 6.7 ± 0.7b 6.3 ±
0.7bc

n.d. n.d. n.d. 8.7 ± 1.0a 4.1 ± 0.3f

2-Dodecenal 13.6 ± 1.6a n.d. n.d. n.d. 10.1 ±
1.2b

n.d. n.d. n.d. 9.0 ±
1.1bc

4.7 ±
0.5d

Decanal 29.1 ± 3.6a 17.1 ±
2.1bcde

20.6 ± 2.5bc 22.3 ±
2.9b

19.2 ±
2.3bcd

n.d. n.d. n.d. 12.6 ±
1.6f

n.d.

2-Methyl-3-phenyl-propanal 12.5 ± 1.5a 8.5 ± 0.9cd 6.3 ± 0.6e n.d. n.d. 10.9 ± 1.2abc 12.1 ± 1.4ab 11.8 ±
1.3ab

n.d. n.d.

Total 212.4 ±
27.5c

159.0 ±
20.2d

177.9 ±
22.8c

295.6 ±
38.9b

367.5 ±
48.3a

28.7 ± 3.4f 64.0 ± 8.0e 137.7 ±
17.7d

179.5 ±
23.2c

116.8 ±
14.8d

Ketones
3-Octen-2-one n.d. n.d. n.d. n.d. n.d. n.d. n.d. 7.3 ± 0.8b 8.7 ± 1.0b 11.6 ±

1.3a

Acetophenone n.d. n.d. n.d. n.d. n.d. 14.5 ± 1.8a 13.3 ± 1.5ab 11.6 ±
1.4abc

5.6 ± 0.5d 3.7 ±
0.3e

Nerylacetone 9.6 ± 1.1c 5.7 ± 0.7ghi 8.2 ± 0.9cdf 7.0 ±
0.8cdfg

8.5 ±
1.0cd

5.8 ± 0.5gh 9.2 ± 1.1c 14.5 ± 1.8a 12.8 ±
1.5ab

4.9 ±
0.5hi

Total 9.6 ± 1.1d 5.7 ± 0.7f 8.2 ± 0.9e 7.0 ±
0.8ef

8.5 ±
1.0de

20.4 ± 2.4c 22.5 ± 2.7bc 33.5 ± 4.1a 27.2 ±
3.2ab

20.2 ±
2.2c

Alcohols
Benzyl alcohol 9.0 ± 1.0cd 5.6 ± 0.7fg 9.9 ± 1.1c 7.8 ±

0.8de
16.1 ±

1.9a
n.d. n.d. 6.2 ± 0.5ef 5.8 ±

0.6fg
12.9 ±

1.5ab

Phenols
Butylated hydroxytoluene 8.5 ± 1.0a 5.1 ± 0.5c 6.7 ± 0.7ab n.d. n.d. n.d. n.d. n.d. n.d. n.d.
2,5-Ditert-butylphenol 3.2 ± 0.3b 3.0 ± 0.2bcd 2.6 ± 0.2def 2.8 ±

0.3bcef
2.9 ±

0.3bcde
n.d. 3.1 ± 0.2bc 5.9 ± 0.7a n.d. n.d.

Total 11.8 ± 1.8a 8.2 ± 0.8b 9.3 ± 0.9ab 2.8 ± 0.3d 2.9 ±
0.3d

0.0 3.1 ± 0.2d 5.9 ± 0.7c 0.0 0.0

Alkanes
Hexane 3276.7 ±

436.4a
2453.9 ±

326.7bcde
2580.3 ±

343.6abcd
356.1 ±

47.3h
n.d. 2320.3 ±

308.9bcdef
2182.1 ±

290.6cdef
2954.4 ±

393.5ab
359.6 ±

47.8h
n.d.

Ethylbenzene n.d. n.d. n.d. n.d. n.d. 21.6 ± 2.7ab 16.4 ± 2.0c 25.0 ± 3.2a 5.7 ± 0.6d 3.2 ±
0.4e

Xylene 48.2 ±
6.32de

40.9 ± 5.2efg 46.2 ± 6.0ef 24.1 ±
3.1h

21.2 ±
2.6h

60.9 ± 8.0bcd 56.7 ± 7.4cd 90.1 ±
11.8a

67.6 ±
8.9c

77.7 ±
10.2ab

Styrene 185.3 ±
24.6abcd

140.7 ±
18.6e

142.7 ±
18.9de

n.d. n.d. 207.9 ±
27.5ab

187.9 ±
24.8abc

239.6 ±
31.7a

50.0 ±
6.5f

n.d.

Limonene 119.6 ±
15.9bcd

90.0 ± 11.8ef 98.8 ± 13.0e 68.2 ±
8.9g

n.d. 169.3 ±
22.4a

137.5 ±
18.2abc

142.9 ±
18.8ab

48.5 ±
6.3h

n.d.

γ-Terpinene 44.0 ±
5.7cd

34.0 ± 4.3e 41.1 ± 5.3cde n.d. n.d. 56.5 ± 7.3ab 51.7 ±
6.6abc

59.2 ± 7.6a n.d. n.d.

1,4(8)-Terpadiene 20.1 ± 2.5a 14.5 ± 1.8d 14.2 ± 1.6de n.d. n.d. 19.4 ± 2.5ab 19.2 ±
2.4abc

13.8 ±
1.7de

n.d. n.d.

α-Dimethylstyrene 53.4 ±
7.0bcd

38.8 ± 5.0ef 43.5 ± 5.6cde 10.2 ±
1.2h

n.d. 76.6 ± 10.0a 61.4 ±
8.1abc

62.2 ±
8.2ab

15.1 ±
1.7g

n.d.

Undecane 29.4 ±
3.8cd

20.7 ± 2.6ef 21.1 ± 2.6ef n.d. n.d. 47.7 ± 6.2a 36.5 ± 4.7bc 40.7 ±
5.3ab

22.4 ±
2.8e

n.d.

1-Ethyl-3,5-dimethylben-
zene

4.5 ± 0.5ab 2.5 ± 0.1f 2.8 ± 0.2f n.d. n.d. 4.0 ± 0.4bcd 4.3 ± 0.5bc 5.6 ± 0.6a 4.0 ±
0.4bcde

n.d.

Naphthalene 13.0 ± 1.6de 19.3 ± 2.4abc 22.4 ± 2.9ab 23.2 ± 2.9a 8.1 ± 0.8j
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of the color of rice bran (Ding et al. 2015). Then, the carbonyl
and amino groups in rice bran would react to produce alde-
hydes or ketones (Irakli et al. 2018). Therefore, the content of
volatile components stabilized by IR was mostly higher than
that of the control, but the FFA concentration and the compo-
sition of FAs are much lower. The changes of the volatile
compounds resulted from the IR processing might be used
as the markers of the FFA consumption. Also, protein

degradation produces sulfur compounds and the degradation
of carbohydrates produces high amounts of alcohols. Changes
in species and contents of volatiles could be due to the degra-
dation of macromolecular substances in rice bran (Frankel,
1984).

Heating effects from IR rapidly raised the temperature of
rice bran, as can lead to the changes of activities of the key
enzymes as well as the chemical composition. The total SFA,

Table 3 (continued)

Volatile compounds IR treatment Control

0 d 5 d 10 d 15 d 20 d 0 d 5 d 10 d 15 d 20 d

15.6 ±
1.9cd

10.5 ±
1.3efghij

12.3 ±
1.5defg

11.0 ±
1.4efg-
hi

11.8 ±
1.5def-
gh

Dodecane 35.29 ±
4.58bcd

26.4 ± 3.5e 25.9 ± 3.2ef 23.6 ±
3.1efg

19.8 ±
2.4gh

45.0 ± 5.9ab 47.9 ± 6.1a 41.6 ±
5.4abc

13.6 ±
1.7i

8.9 ± 1.0j

2,4-Dimethylcumene n.d. n.d. n.d. n.d. n.d. 2.6 ± 0.1bc 2.7 ± 0.3ab 3.4 ± 0.4a 1.0 ± 0.1d n.d.
5,6-Dimethylindane n.d. n.d. n.d. n.d. n.d. 2.4 ± 0.1bc 2.5 ± 0.1b 3.5 ± 0.3a 1.3 ± 0.1d n.d.
2-Methylnaphthalene 9.3 ± 1.1bc 4.8 ± 0.5hi 5.9 ± 0.6fgh 7.9 ±

0.9cd
6.6 ±

0.8def
7.9 ± 0.8cde 9.5 ± 1.1b 13.0 ± 1.6a 6.6 ±

0.7defg
4.7 ±

0.5hi

Tridecane n.d. 4.4 ± 0.4f 5.6 ± 0.6de 19.12 ±
2.48a

n.d. 8.0 ± 0.8c 9.7 ± 1.2bc 12.2 ± 1.5b 5.8 ± 0.5d 4.2 ± 0.3f

Tetradecane 23.92 ±
3.08cde

18.3 ± 2.4fg 24.8 ± 3.1cde 25.7 ±
3.3cd

30.0 ±
3.8b

16.1 ± 2.0fgh 26.8 ± 3.3bc 37.7 ± 4.7a 19.2 ±
2.4ef

14.7 ±
1.7h

d-Longifolene 7.16 ±
0.73def

4.5 ± 0.4h 63.0 ± 0.6a 27.4 ±
3.5b

7.6 ±
0.8de

6.5 ± 0.8defg 7.6 ± 0.8d 12.1 ± 1.4c 5.6 ±
0.6gh

4.5 ±
0.4h

Caryophyllene n.d. 2.5 ± 0.1d 2.7 ± 0.1d n.d. n.d. 4.1 ± 0.4c 7.9 ± 0.8a 6.0 ± 0.7b 2.6 ±
0.27d

2.5 ±
0.2d

Nonylcyclopentane 9.6 ± 1.1c 5.7 ± 0.7g 8.2 ± 0.9cde 7.0 ±
0.8ef

8.5 ±
0.9cdef

5.7 ± 0.7g 9.3 ± 1.07cd 14.5 ± 1.8a 12.7 ±
1.6ab

4.8 ±
0.6g

Phytan n.d. n.d. n.d. n.d. n.d. 6.4 ± 0.6bc 3.2 ± 0.3e 13.8 ± 1.7a 7.5 ± 0.8b 4.4 ±
0.4d

11-Decyl-heneicosane n.d. n.d. n.d. 5.7 ± 0.5c 5.9 ±
0.6b

5.8 ± 0.7c 8.0 ± 0.9a 8.2 ± 0.9a 4.5 ± 0.5d 2.6 ±
0.1e

Calamenene 4.7 ±
0.4bcd

2.9 ± 0.2g 3.9 ± 0.4de 3.6 ±
0.4ef

3.9 ±
0.4de

3.3 ± 0.2f 5.4 ± 0.5b 8.9 ± 1.0a 5.0 ±
0.4bc

2.8 ±
0.2g

8-Hexyl-pentadecane n.d. n.d. n.d. n.d. 3.2 ± 0.2a n.d. n.d. n.d. 2.1 ± 0.2b 1.6 ±
0.1c

Hexadecane 3.5 ± 0.2ef 3.2 ± 0.2f 4.8 ± 0.bcd 4.8 ±
0.4bc

5.5 ±
0.6ab

1.2 ± 0.0h 3.6 ± 0.3ef 6.6 ± 0.8a 3.9 ±
0.4de

1.9 ±
0.1g

Total 3870.7 ±
513.6a

2909.0 ±
384.9b

3078.1 ±
407.5ab

596.2 ±
77.9c

123.5 ±
15.0d

3104.9 ±
410.3ab

2907.2 ±
383.9b

3825.4 ±
506.8a

677.1 ±
87.5c

147.3 ±
17.5d

Others
1,3-Dichlorobenzene 11.7 ± 1.3a 8.3 ± 1.0b n.d. n.d. n.d. 10.0 ± 1.18ab 10.0 ± 1.1ab n.d. n.d. n.d.
1,2-Dichlorobenzene n.d. n.d. 8.2 ± 0.9a n.d. n.d. n.d. n.d. 10.2 ± 1.2a 4.3 ± 0.4b n.d.
2,4-Dichlorotoluene 22.2 ± 2.8a 14.5 ± 1.9b 10.4 ± 1.3c 8.7 ± 1.0c 6.1 ±

0.7d
23.8 ± 3.1a 21.3 ± 2.7a 21.1 ± 2.7a 8.5 ± 1.0c 4.8 ±

0.5e

3 5-Dichlorotoluene 22.5 ± 2.7b 14.1 ± 1.7c 14.8 ± 1.7c 10.9 ±
1.2d

9.2 ±
1.1de

26.6 ± 3.4a 23.4 ± 2.9b 29.4 ± 3.7a 12.9 ±
1.5c

7.9 ±
0.9e

1-Iodohexadecane n.d. n.d. n.d. 2.1 ± 0.2d 3.1 ±
0.2bc

3.3 ± 0.2b 3.5 ± 0.4b 6.1 ± 0.6a 2.8 ± 0.2c n.d.

2- Chloropropionic acid,
octadecyl ester

5.6 ± 0.6b 3.5 ± 0.3cd 3.9 ± 0.3c 3.5 ± 0.3c 6.3 ±
0.6b

n.d. n.d. 10.3 ± 1.2a 3.9 ± 0.4c 3.1 ±
0.3d

1,3-Dichlorobenzene 62.2 ±
7.5ab

40.6 ± 5.0c 37.5 ± 4.4c 25.3 ±
2.8d

24.8 ±
2.7d

63.8 ± 7.9ab 58.4 ± 7.3b 77.3 ± 9.6a 32.6 ±
3.6c

16.0 ±
1.7e

1,2-Dichlorobenzene 11.7 ± 1.3a 8.3 ± 1.0b n.d. n.d. n.d. 10.0 ± 1.1ab 10.0 ± 1.1ab n.d. n.d. n.d.
Total n.d. n.d. 8.2 ± 0.9a n.d. n.d. n.d. n.d. 10.2 ± 1.2a 4.3 ± 0.4b n.d.

Values represent the mean ± SD of triplicate tests; Values with different lowercase letters in the same column are significantly different from each other
according to Tukey’s test (p < 0.05)

n.d. not detected
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MUFA, and PUFA in rice bran ranged from 18.2 to 39.0 mg/g
in the IR treatment and 8.0 to 19.4 mg/g in control after 20
days storage. According to Curti et al. (2018), the increased
contents of both MUFA and PUFA observed in rice bran
could be beneficial for the reduction of chronic diseases risk,
and can also that of cardiovascular disease by reducing blood
lipids. From the present results, IR treatment exerted little
effect on the main FA composition of rice bran. The contents
of total SFA, MUFA, and PUFA increased only 1.2, 2.6, and
3.1 mg/g, respectively. However, Wanyo et al. (2015) found
that the PUFA levels in both rice bran and husk decreased
significantly (~ 23 mg/g). This discrepancy might be attribut-
ed to the difference in the procedures of sample preparation
and IR processing. In this work, the rice bran was polished and
ground from the brown rice; the total surface area in contact
with air was enlarged. The oxidation deterioration of the lipids
or fats in rice bran was then accelerated even in the limited
storage period (Wang et al. 2017). After the IR treatment,
molecules in rice bran generally absorb the radiation of the
energy, affecting active vibration and generating heat. The
activities for linked enzymes were sharply controlled in ac-
ceptable condition. The fresh aroma characters for rice bran
were well preserved, with larger amount of both aldehydes
and alkanes. It seems that the IR pretreatment applied in rice
bran can be more effective than the utilized one on the paddy
rice kernel based on our experiment.

Conclusion

The present study showed that the IR pretreatment was effec-
tive in stabilizing rice bran, as might be due to the decreased
levels of FFA concentration and POV accompanied by the
lower contents of FFAs as well as the persevered fresh volatile
components. The underlying mechanisms might be related to
the disruptions of membrane lipid metabolism. The present
results can provide us practicable information for the stabili-
zation of rice and its by-products to improve their utilization.
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