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a b s t r a c t

The objective of this study was to develop a new rice drying method using IR heating followed by
tempering. Freshly harvested medium grain rice (M206) samples with different initial moisture contents
(IMCs) were used in this study. The samples were dried for one- and two-passes using a catalytic IR
emitter to reach rice surface temperature of 60 �C. After IR heating, the samples were tempered in an
incubator at 60 �C for different durations ranging from 1 to 5 h. The effects of new drying method on
moisture removal, milling quality, and shelf life of rice bran were evaluated. High heating and drying
rates and good milling quality of rough rice were achieved. It took only 55 s to heat the rice samples to
60 �C. For one-pass drying and 4 h tempering treatment, the total moisture removals were 3.33, 3.78 and
5.89 g moisture/100 g dry solid for samples with initial moisture contents of 20.06, 25.53 and 32.50 g
moisture/100 g dry solid, respectively. IR heating did not generate adverse effects on milling quality of
rough rice. Importantly, the storage stability of rice bran from the new drying method was extended to
38 days compared 7 days from current drying practice.

Published by Elsevier Ltd.

1. Introduction

Rice bran, an important by-product of rice milling, constitutes
8e10% of theweight of brown rice. It contains valuable components
such as proteins, vitamins and essential minerals and has 15e22%
of edible oil with high nutritional and functional characteristics
(Luh, 1980). The antioxidants in the rice bran also showed effect in
lowering cholesterol in humans (Carvalho, 2006). Despite of its
high nutrition value rice bran is underutilized and frequently
wasted, except it is used for producing oil. In general, utilization of
rice bran is severely restricted by the activity of endogenous en-
zymes, such as lipase, which can hydrolyze the triglyceride into
glycerol and free fatty acids (FFAs). When rice is milled, bran is
scoured and lipase is exposed to the oxygen in air, then the
oxidation starts, resulting in the deterioration of the oil quality and
forming off flavor (Luh, 1980). It takes only less than one week to
make the FFAs in the oil exceed 10%, and then the rice bran oil is no

longer suitable for human consumption (Desikachar, 1977; Qian,
Gu, Jiang, & Chen, 2014). In order to better utilize the rice bran
from rice milling process, the oil must be extracted quickly after
milling process to control FFAs at a low level. However, this practice
may not be feasible due to restriction of facility and production
schedule (Randall et al., 1985). Therefore, it is a normal practice that
the bran undergoes a stabilization process to inactivate the potent
lipase enzyme immediately after milling to extend storage time at
ambient conditions for controlling the FFAs concentration at a low
level (less than 10%) before oil extraction.

Many approaches on the stabilization of rice bran have been
investigated and reported, such as chemical methods (Prabhakar &
Venkatesh, 1986), heat methods (Rao Lakkakula, Lima, & Walker,
2004), extrusion (Sayre, Nayyar, & Saunders, 1985) and micro-
wave treatment (Tao, Rao, & Liuzzo, 1993). The most common
method used in rice industry is extrusion even though it is an en-
ergy intensive process. The rice bran stabilization depends on
temperature, duration of heat treatment, moisture content, PH, and
other parameters (Luh, 1980; Tao et al., 1993). Hot air heating could
be used, but it may not be able to heat the bran quickly to the
needed temperature with desired uniformity (Kim, Byun, Cheigh,&
Kwon, 1987; Pacheco de Delahaye, Jimenez, & Perez, 2005). The
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severe and non-uniform heating could damage valuable compo-
nents and also result in high energy consumption. Moreover, these
stabilization processes are typically operated right after rice mill-
ing, which may not be feasible for certain rice mills.

Freshly harvested rough rice is subjected to drying to reduce the
MC to the safe storage level (14.9 g moisture/100 g dry solid). At
present, the hot air drying at a low air temperature (about 43 �C or
ambient air) is typically used in the rice industry to minimize the
fissure of rice caused by high heat. The low drying temperature
extends the required drying time and cannot inactivate the en-
zymes in the rice bran. Therefore, it is ideal to develop alternative
techniques that can simultaneously achieve drying of rough rice
and stabilization of rice bran.

Infrared (IR) radiation heating offers many advantages
compared to conventional drying methods (Das, Das, & Bal, 2004;
Sharma, Verma, & Pathare, 2005). It may offer a promising poten-
tial in achieving efficient drying and simultaneously inactivating
the lipase in rice bran without affecting the rice quality. When IR is
used to heat or dry moist materials, the radiation impinges on the
exposedmaterial and penetrates it, and then the radiation energy is
converted into heat (Ginzburg, 1969). The penetration could pro-
vide more uniform heating in the rice kernel and may reduce the
moisture gradient during heating and drying. Also, the rice can be
quickly heated to high temperatures in a short time. Our previously
consecutive studies have confirmed that high moisture diffusivity
corresponding to high drying rate for rough rice can be achieved by
using infrared (IR) heating to 60 �C followed by tempering treat-
ment for 4 h and natural cooling. Simultaneously, effective disin-
festation and disinfection have also been achieved without
compromisingmilling quality. Extended shelf life of both rough and
brownwere also achieved (Ding et al., 2015, 2016; Khir, Pan, Salim,
Hartsough, & Mohamed, 2011; Khir et al., 2014; Pan et al., 2008,
2011; Wang et al., 2014). Accordingly, drying using IR heating fol-
lowed by tempering treatment may be an effective approach to
achieve stabilized rice bran and extent its shelf life after milling
without additional stabilization process. However, there is no
literature published about the effects of IR heating and tempering
treatment under one- and two-pass drying processes on drying
characteristics, milling quality and shelf life of rice bran. Therefore,
the objectives of this research were to (1) investigate the effects of
IR heating and tempering treatment on the drying characteristics
and milling quality of rough rice under one- and two-pass drying;
(2) determine the effect of new drying method on the FFA con-
centration of rice bran oil over different storage periods; and (3)
investigate the kinetics of lipase enzyme inactivation under IR
heating and tempering treatments.

2. Materials and methods

2.1. Samples

Freshly harvested medium grain rice, variety M206, obtained
from the Farmers' Rice Cooperative (West Sacramento, CA), was
used for conducting this research. The initial moisture content
(IMC) of rough rice at harvest was 32.51± 0.09 gmoisture/100 g dry
solid. In order to obtain rice samples with different (IMCs), the rice
sample with the high MC was equally divided into three portions.
Two portions were spread evenly on the floor in the thickness of
5 cm and slowly dried to MC of 25.54 ± 0.11 and 20.07 ± 0.04 g
moisture/100 g dry solid under ambient conditions of temperature
of 21±1 �C and relative humidity (RH) of 42 ± 3%. During drying, the
rice was mixed frequently to ensure to be uniformly dried. Finally,
the rice samples with different IMCs of 20.07 ± 0.04, 25.54 ± 0.11
and 32.51 ± 0.09 g moisture/100 g dry solid were kept in poly-
ethylene bags and sealed till they were used for IR drying and

stabilization tests. All reported MCs are determined by the air oven
method (130 �C, 24 h) and reported on dry basis (d.b) (ASAE
Standards, 1995).

2.2. IR heating

The rough rice samples with different IMCswere heated using IR
device developed in the Food Processing Laboratory in the
Department of Biological and Agricultural Engineering, University
of California, Davis, California, USA. The detailed descriptions for IR
unit were mentioned in our previous publications (Khir et al., 2011,
2014; Pan et al., 2008, 2011). The samples of a single layer with
loading rate of 2 kg/m2 were heated for one and two drying passes
under radiation intensity of 5000 W/m2. They were heated for 55s
to reach surface temperature of 60 �C during each drying pass. The
temperature of 60 �C was determined based on previous findings
(Khir et al., 2011, 2014; Pan et al., 2008, 2011) that indicted that the
high drying rate corresponding to good milling quality could be
achieved by heating rough rice to aforementioned temperature
level using IR. The temperature was measured by a Type T ther-
mocouple (Omega Engineering Inc. Stamford, CT) immediately after
samples were heated. The thermocouple was kept at the center of
rough rice in a container until the temperature reading was stabi-
lized, which took from 10 to 30s. The rice sample masses were
measured by a balance with two-decimal accuracy before and after
IR heating. The mass loss during heating and IMC were used to
calculate themoisture removal during the IR heating durations. The
moisture loss was calculated as the difference between the IMC and
the MC after IR heating and is reported as g moisture/100 g dry
solid.

2.3. Tempering and cooling treatments

After IR heating, the tempering and cooling treatments were
conducted. The tempering treatment was conducted by keeping
the samples in closed container placed in an incubator set at 60 �C
for various durations (1, 2, 3, 4 and 5 h). After tempering treatment,
the samples were cooled under ambient conditions at temperature
of 21±1 �C and RH of 42 ± 3%. They reached to the ambient tem-
perature after 1 h. Then after tempering and cooling treatments the
samples were further dried to MC of 14.94 g moisture/100 g dry
solid using the ambient air.

For the two-pass drying, after infrared heating followed by
tempering and cooling treatment as the first pass, the rough rice
with initial high MC was left in the room temperature overnight.
The samples were heated using IR to the surface temperature to
60 �C again, and then followed by tempering for different durations
ranging from 0 to 5 h. The mass changes caused by tempering and
cooling treatment were recorded at the end of cooling and used to
calculate the moisture loss based on the MCs after the corre-
sponding IR treatment.

2.4. Evaluation of milling quality

The indicators of rice milling quality including, total rice yield
(TRY), head rice yield (HRY) and whiteness index (WI) were eval-
uated. The treated and untreated rice samples were dehulled and
milled using a Yamamoto Husker (FC-2K) and Yamamto Rice Mill
(VP-222N, Yamamoto Co. Ltd., Japan). The samples were milled
three times to achieve well-milled rice as defined by the Federal
Grain Inspection Service (USDA, 1994). The setting of throughput
and whitening were 1 and 4, respectively, during the first two
milling passes and 1 and 5 during the third milling pass.

TRY, HRY and WI were used to evaluate the effects of IR heating
and tempering treatments on milling quality. The HRY was
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