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Abstract

Efficient, low-cost methods are required to produce impurity-free bio-oils with minimal nutrient depletion. This study
investigated the effect of extraction and pretreatment conditions on the quality of rice bran oil extracted with CO,-expanded
hexane. The extraction conditions considered were temperature (20-30 °C), CO, mole fraction (0.76-0.94), and pressure
(4.2-7.0 MPa). The effectiveness of rice bran hot air drying at 80—100 °C for 0.5, 1, 3, and 5 h for lipase inactivation was also
studied. The rice bran oil yield and the content of free fatty acids did not depend significantly on the extraction temperature
or pressure. The oil solubility increased significantly (p <0.05) with every 5 °C increment while decreasing significantly at
pressures below 5.0 MPa. The optimum extraction conditions for phosphorus-free rice bran oil (phosphorus concentrations
of 9.8, 9.1, and 6.2 ppm) were CO, mole fraction of 0.82 at 5.1 MPa and 20 °C, CO, mole fraction of 0.87 at 5.0 MPa and
25 °C, and CO, mole fraction of 0.92 at 5.1 MPa and 30 °C, respectively. The most effective pretreatment conditions for rice
bran before storage for 10 weeks were 100 °C for 1 h. In addition, the phosphorus concentration of rice bran oil extracted
with CO,-expanded hexane at a CO, mole fraction of 0.88, 5.1 MPa, and 25 °C was <7.00 ppm, regardless of the pretreat-
ment conditions. Therefore, CO,-expanded hexane extraction can be potentially used to produce impurity-free rice bran oil
from both treated and untreated rice bran without refining.
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Introduction

The global processing of paddy rice (753.4 million met-
ric tons) results in huge amounts of byproducts in the
form of rice bran (54.5 million metric tons) [1]. Rice bran
contains crucial nutrients, including 5.21-18.15% fiber,
3.74-22.40% lipids, 12.3-27% protein, vitamins, minerals,

< Tdzumi Okajima
okajima.izumi@shizuoka.ac.jp

Mathayo Gervas Mathias
m.gervas.21 @shizuoka.ac.jp

Kaichi Ito
itoh.kaichi.15 @shizuoka.ac.jp

Yusuke Aoki
aoki.yusuke.17 @shizuoka.ac.jp

Chang Yi Kong
kong.changyi@shizuoka.ac.jp

Takeshi Sako
sako.takeshi @shizuoka.ac.jp

and carbohydrates, as well as tocopherol, oryzanol, and other
phytochemical compounds related to the prevention of many
human diseases [2, 3]. Rice bran has mostly been used as
animal feed, steam boiler feedstock, and oil production feed-
stock [4]. Although rice bran contains large amounts of rice
bran oil (10.9 million metric tons), only 11% (1.22 million
metric tons) is currently recovered through extraction [1],
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mostly due to insufficient rice bran oil production facilities
and extraction technologies.

Conventional solvent extraction techniques result in
bio-oils being simultaneously extracted with impurities
such as free fatty acids, waxes, and phospholipids. These
processes, which are heavily dependent on the refinery
units (e.g., degumming, dewaxing, and deodorization), are
associated with> 17% nutrients depletion [5]. Conversely,
supercritical CO, extraction can produce bio-oils with
small amounts of impurities. Moreover, supercritical CO,
is a selective non-toxic solvent that can be easily recovered
[6]. However, supercritical CO, extraction is expensive
because it operates at elevated temperatures (40-80 °C) and
pressures (20-40 MPa) [6] and hence requires a heating
unit. As an alternative, pressurized fluid extraction tech-
nique is currently gaining attention owing to advantages
such as improved mass transfer and diffusivity, selectiv-
ity, nonvolatility, nonflammability, and low volumetric
extraction rates. In addition, this technique can be oper-
ated at room temperature [7, 8]. For lipid extraction from
microalgae, CO,-expanded methanol extraction has been
reported to produce higher yields than conventional solvent
extraction [9, 10]. In addition, the lipid yields and bioac-
tivity of CO,-expanded ethanol extracts have been shown
to be higher than those of ethanol extracts [11, 12]. Fur-
thermore, the extraction of phosphorus-free rice bran oil
with CO,-expanded hexane under mild conditions (25 °C,
5.0 MPa, and CO, mole fraction of 0.87) has recently been
reported [7]. A consistent rice bran oil quality with <10 ppm
phosphorus (EN 14,214) has been achieved by extraction in
the vapor-liquid phase region of 0.88-0.94 CO, mole frac-
tion at 5.1 MPa and 25 °C [8]. However, few studies have
investigated the influence of temperature and pressure on
both the extraction process and the quality of rice bran oil.

The presence of high amounts of lipids and enzymes
in the rice bran embryo causes free fatty acid formation
because the cell walls rupture during the milling and pol-
ishing processes. The interaction of lipids and water in the
presence of naturally occurring lipase resulting in free fatty
acid and glycerol formation is referred to as lipid hydrolysis,
whereas the corresponding process with lipids and oxygen
in the presence of lipoxygenase is referred to as lipid oxi-
dation [2]. During rice bran processing, prevention of the
lipid hydrolysis reaction should be considered because it
is predominant over the slow lipid oxidation reaction [13].

The optimum hydrolytic reaction occurs at 30—40 °C and
pH 7.5-8.0 [14], producing high yields of free fatty acids.
The presence of more than 10% free fatty acids in oil is
associated with the corrosion of engines and storage tanks
[15]. Thus, to apply bio-oils as fuels in power generators,
lubricants in the steel industry, and insulators in power trans-
formers, a free fatty acid content of < 10% is required. To
comply with this specification without refinement, a suitable
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rice bran stabilization technique is required. Moreover, the
combination of long storage times for rice bran with the
need for consistent rice bran oil quality makes stabilization
necessary for the industrial-scale production of non-food-
grade rice bran oil. Rice bran stabilization has been achieved
using refrigeration or low-temperature storage [16], chemi-
cal methods to reduce pH [17], and heating [18]. As inade-
quate refrigeration facilities and expensive chemicals hinder
large-scale production, heating is the most promising tech-
nique for rice bran stabilization. Various heating technolo-
gies have been applied to rice bran, including microwave
heating [19], ohmic heating [20], hot air radio frequency
drying [21], infrared radiation heating [22], extrusion [23],
drying using superheated steam in a fluidized moving bed
[24], subcritical water heating [14], and ethanol vapor and
hot air drying [25].

The effects of stabilization on enzymatic inhibition
depend on the heating temperature and time [22]. Extrusion
and microwave treatments have been shown to be effective
on a small scale, whereas infrared heating is effective for up
to 90 days [26], which is suitable for industrial-scale produc-
tion. Compared with infrared heating, hot air drying is less
expensive and easier to employ, and autoclaving at 121 °C
for 20 min has been found to be effective for 6 months [25].
However, high temperatures can lead to the loss of volatile
organic compounds. For example, 2-acetyl-1-pyroline, a nat-
ural aroma in jasmine brown rice, was lost after heating at
150 °C for 4 min, which is an effective condition for inhibit-
ing the formation of thiobarbituric acid [27]. As heating can
compromise rice bran quality, the application of low tem-
peratures (< 100 °C) for prolonged treatment times could aid
in retaining high quality and inhibiting enzymatic activity.

Stabilization can also enhance the oil yield, with a 39%
increase observed for ohmic heating [20], the antioxidant
activity owing to increased contents of phenolic compounds
and flavonoids [28], and the y-oryzanol content [18]. In
addition, hindering oxidation can minimize lipid destruction
[17]. Furthermore, increasing both the pretreatment time and
temperature can decrease the molecular weight of phospho-
lipids during oxidation, thereby enhancing the extractability
of these compounds [29]. However, the effect of stabiliza-
tion conditions on rice bran oil quality parameters, such as
phosphorus concentration and free fatty acid concentration,
has not been investigated for rice bran oil extracted with
CO,-expanded hexane.

In this study, we investigated the influence of (a) extrac-
tion factors, such as temperature and pressure, on the yield,
solubility, phosphorus concentration, and free fatty acid con-
centration of rice bran oil extracted with CO,-expanded hex-
ane, and (b) pretreatment conditions on the yield, solubility,
phosphorus concentration, and free fatty acid concentration
of rice bran oil extracted with conventional hexane and with
CO,-expanded hexane.
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Materials and Methods
Chemicals

CO, (99.5% purity) was obtained from Air Liquide (Tokyo,
Japan). Ethanol (99.5% purity), hexane (96% purity), diethyl
ether (99.5% purity), potassium hydroxide, and hydrochloric
acid (35.0-37.0%) were purchased from FUJIFILM Wako
Pure Chemical (Osaka, Japan). A phosphorus ICP-MS stand-
ard solution was purchased from AccuStandard (New Haven,
CT, USA). Deionized and distilled water produced using
water purifying equipment (Purelite PRO-0100, Organo,
Tokyo, Japan) were used in all experiments.

Samples and Pretreatment Procedures

Rice bran of the japonica rice variety was collected from a
milling factory in Hamamatsu City and stored in a freezer
(— 18 °C) at Shizuoka University before pretreatment.
The pretreatment procedures used by Kim et al. [25] were
slightly modified and adopted. For each pretreatment condi-
tion, two batches of approximately 150 g sieved rice bran
(500 pm mesh) were each spread in an aluminum rectangular
tray at a depth of 0.7 cm. Pretreatment at 100 °C for 0.5, 1,
and 3 h, at 90 °C for 1, 3, and 5 h, and at 80 °C for 1, 3, and
5 h was conducted batchwise in a drying oven (VTN 113,
Isuzu). Immediately after drying, the treated rice bran was
placed in a Ziploc bag before desiccation cooling. Approxi-
mately 150 g of rice bran from each pretreatment condition
and raw rice bran were stored at room temperature for free
fatty acid analysis, which was conducted after 0, 1, 2, 3, 5,
7, and 10 weeks. The remaining pretreated rice bran was
frozen (— 18 °C) prior to CO,-expanded hexane extraction.

Determination of Moisture Content in Rice Bran

The moisture content of rice bran was determined in accord-
ance to the method reported by Kim et al. [25]. Briefly, a
sample of approximately 10 g of rice bran was dried in hot
air oven (VTN 113, Isuzu) at 105 °C for 3 h. The weight
changes in the sample were estimated, and the moisture con-
tents were presented on a dry basis.

Conventional Hexane Extraction

Conventional hexane extraction was conducted as
described by Pengkumsri et al. [30] with slight modifica-
tions. Approximately 10 g of rice bran was placed in a
beaker and weighed using an electronic balance. Hexane
(~ 100 mL) was added to the beaker, and the mixture was

stirred at room temperature for 24 h. Filtration through a
Whatman filter paper was used to separate the extracted
rice bran oil from spent rice bran. Subsequently, any
remaining particulates were removed by vacuum filtra-
tion into a preweighed flat-bottomed flask. Hexane was
removed by vacuum evaporation at 45 °C, 20 rpm, and
335-270 hPa for approximately 40 min. The flat-bottomed
flask containing the oil was weighed, and the oil yield was
calculated using Eq. 1:

ight of extracted oil (g-oil
Oil yield (g-oil/g-sample) = —cight of extracted oil (g-oiD

weight of charged sample (g-sample)

ey

CO,-Expanded Hexane Extraction

Detailed descriptions of the extraction apparatus (Fig. 1)
and rice bran oil extraction procedures with CO,-expanded
hexane have been provided in our previous studies [7,
8]. To improve the mixing efficiency of solvents, one of
the column inline mixers of length 5.0 cm and diameter
0.8 cm packed with dixon packing (6) was replaced with a
micro static mixer made by GL Sciences (Torrance, USA).
Approximately 50 g of sieved rice bran (500 pm mesh) was
charged into an extractor column with an inner diameter
of 30 mm and length of 230 mm (9). CO, (1) and hexane
(3) were pumped into the extractor column using PU-1586
model high-pressure plunger pumps (2) made by JASCO
(Tokyo, Japan) with set flow rates to obtain the required
experimental mole fraction. For temperature studies at
20, 25, and 30 °C, the CO, mole fraction was 0.76-0.94,
and the pressure was 5.0-5.2 MPa. For pressure studies
at 4.2-7.0 MPa, the CO, mole fraction was 0.86-0.89,
and the temperature was 25 °C. Pretreated rice bran was
extracted using a CO, mole fraction of 0.88 at 5.1 MPa
and 25 °C. The extraction pressure was set using a back
pressure regulator (13) maintained at 81 °C using a heat-
ing mantle (14) and a bypass line (8) when valves V3 and
V4 were open. Inline mixers (6) provided a homogenous
CO,-expanded hexane extractant. The extractant mixture
was stabilized for 30 min before initiating the extraction
process by opening valves V5 and V6 while closing valves
V3 and V4. During the extraction process, samples were
collected at 2, 4, 6, 8, 10, 30, 60, 90, 120, and 150 min,
and the corresponding readings were recorded using a
hexane meter (4) and gas meter (18). The collected sam-
ples were placed in preweighed flat-bottomed flasks and
vacuum evaporated at 45 °C, 20 rpm, and 335-270 hPa for
approximately 40 min. The flat-bottomed flask contain-
ing the oil was weighed. The amounts of oil extracted at
each time were summed to obtain the total amount of oil
extracted and the yield.
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Fig. 1 Experimental setup for
CO,-expanded hexane extrac-
tion of rice bran oil
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Determination of Phosphorus Concentration in Rice
Bran Oil

The phosphorus concentration in rice bran oil was deter-
mined as per the method reported by Okajima et al. [7].
Briefly, a beaker was weighed using an electric balance
before and after the addition of 250 pL of rice bran oil to
determine the mass (g) of the added oil. The sample was
then combusted at 450 °C for 3 h. Approximately 20 mL
of 1 mol/L HCI was added to the ashes remaining in the
beaker, and the solution was stirred at 20 rpm for 16 h.
Then, the solution was placed in a 50 mL volumetric flask,
which was filled to the mark with distilled water before
vacuum filtration. The filtrate was analyzed by inductively
coupled plasma atomic emission spectrometry (ICP-AES,
Optima 2100 DV). A calibration curve was constructed
using an 8 wt% HCI solution as a blank and 0.1, 1, and
5 ppm phosphorus standards in 8 wt% HCI. The concentra-
tion (mg/L) determined from the observed ICP-AES inten-
sity was used to calculate the actual phosphorus concentra-
tion as 1 ppm equals to 1 mg/kg in the rice bran oil sample
using Eq. 2:

. mg| Concentration [mg/L]AIOJDilulion volume [mL]
Phosphorus concentration ol b
g

Mass of the sample [g]

@

Free Fatty Acid Analysis
The free fatty acid concentration was determined using

the KOH neutralization titration method [7]. Approxi-
mately 500 pL of rice bran oil was placed in a 25 mL

@ Springer
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flat bottomed flask on an electric balance for weighing
(W). After filling to the mark using a mixture of ethanol
and diethyl ether (1:2, v/v), the solution was vigorously
shaken. Then, 5 mL of the solution was transferred to
a 50 mL beaker, which was filled to the mark with the
ethanol/diethyl ether solution. Four drops of phenol-
phthalein indicator were added, and the solution was
titrated against 0.015 mol/mL KOH using an automatic
potentiometric titrator (AQUACOUNTER COM-300A).
The free fatty acid concentration was estimated using
Eq. 3:

_ NxVx50x2764

Free fatty acid trati t%) = x 100
ree fatty acid concentration (wt%) W x5 % 1000

3)
where N is the KOH concentration in mL/L, V'is the average
titer volume of KOH in mL, W is the weight of analyzed oil
in g, and 276.4 g/mol is the average molecular weight of a
free fatty acid mixture composed of 39% oleic acid, 33%
linoleic acid, and 17% palmitic acid [8].

Statistical Analysis

Statistical analysis of one-way ANOVA with Tukey
pairwise comparisons of randomized pressure, and CO,
mole fractions at every extraction temperature using
Minitab 17.0 and regression analysis using MS Excel
2019 were performed. The values presented are aver-
ages of triplicate measurements from individual extrac-
tion experiments.
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Results and Discussion

Effect of Temperature on the Rice Bran Qil Extraction
Parameters: Oil Yield and Oil Solubility

Rice bran oil was extracted at 20, 25, and 30 °C to inves-
tigate the impact of temperature on oil yield. The final
oil yield increased slightly with increasing temperature
(Fig. 2a). At 20 °C, the oil yields were 0.213-0.245 g-oil/g-
sample with an average of 0.233 g-oil/g-sample; at 25 °C,
the oil yields were 0.237-0.251 g-oil/g-sample with an
average of 0.243 g-oil/g-sample; and at 30 °C, the oil
yields were 0.243-0.254 g-oil/g-sample with an average
of 0.250 g-oil/g-sample. Over the 10 °C increment, the
change in the rice bran oil yield was significant (p < 0.05),
whereas the effect was insignificant over the 5 °C incre-
ment. Pengkumsri et al. [30] registered 4.04-5.80% yield
of rice bran oil extracted by cold pressing at <60 °C
with pronounced increase of oil yields by 44% for hot
pressed rice bran oil at 100 °C. Moreover, supercriti-
cal fluid afforded a 12.89% oil yield using 1 h extraction
time, which was lower (< 10%) than that obtained using
hexane extraction. In contrast, Tomita et al. [6] reported
an oil yield of 0.214 g-oil/g-sample using supercritical
CO, extraction for 3 h at 30 MPa and 40 °C. However,
this yield increased by 13% when the temperature was
increased from 40 to 80 °C. The current study presents
a trend similar to that reported in the literature, in that
an increment of 10 °C increases the oil yield by 7%.
Based on the literature and our study, we concluded that
the oil yield obtained using pressing, supercritical CO,,
and CO,-expanded liquid extraction techniques depend
on extraction temperature and time. The average final oil
yield of 0.233-0.250 g-oil/g-sample obtained in this study
is similar to that reported in our previous studies [7, 8];
this observation suggests that complete oil wash-out from
rice bran can be achieved using CO,-expanded hexane
extraction at ambient temperature.

The slope of the oil extraction curve (oil yield vs. solvent
consumption) at initial extraction time represents the oil sol-
ubility [6]. The oil solubility was determined for rice bran
oil extracted at 20, 25, and 30 °C (Fig. 2b). The oil solubility
decreased linearly with increasing CO, mole fraction at all
temperatures, with values in the range of 0.0760-0.0143,
0.120-0.0118, and 0.082-0.0399 g-oil/g-solvent at 20, 25,
and 30 °C, respectively. The observed decrease in oil solu-
bility is attributed to the liquid hexane expansivity caused
by the increased CO, mole fraction, which reduced the dis-
solution power of the resultant CO,-expanded hexane. A
similar oil solubility trend was found in our previous study
on oil solubility behavior in two-phase regions at 25 °C [8].

When the CO, mole fraction was constant, the oil solubil-
ity improved significantly when the temperature increased
from 20 to 30 °C (Fig. 2b). For instance, at a CO, mole frac-
tion of 0.88, the oil solubility at 20 °C (0.029 g-oil/g-solvent)
increased by 93% and 186% upon increasing the temperature
by 5 and 10 °C, respectively. Similarly, at a CO, mole frac-
tion of 0.92, the oil solubility at 20 °C (0.014 g-oil/g-solvent)
increased by 90% and 200% upon increasing the temperature
by 5 and 10 °C, respectively. A similar increment trend was
reported by Tomita et al. [6] for rice bran oil solubility; at
40 MPa, when the supercritical CO, extraction temperature
was increased from 40 °C (0.015 g-oil/g-solvent) to 80 °C
(0.017 g-oil/g-solvent), the rice bran oil solubility increased.
Such pronounced increases in oil solubility are associated
with an increase in mass transfer, as increasing the molecu-
lar kinetic energy of the extractant results in increased dif-
fusivity into the rice bran matrices. These findings suggest
that the extraction time for rice bran oil at 20 °C and a CO,
mole fraction of 0.92 (300 min) could be reduced by 65% by
increasing the extraction temperature to 30 °C.

Effect of Temperature on Oil Quality: Phosphorus
and Free Fatty Acid Contents

The rice bran oil quality was determined in terms of phos-
phorus concentration and free fatty acid concentration. The

Fig.2 Temperature dependence 0.30 o
9.2 Temperature dependenc, @) 0.12 { (b) 0°C
of a rice bran oil yield and b oil mo5eC
solubility in the pressure range FO'ZS 1 N i Y g 010 1
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oil with > 10 ppm of phosphorus is regarded as impure [EN
14214], as it may contain high amounts of phospholipids.
During engine ignition, the phospholipids are oxidized into
oxides, which block engine nozzles [7]. Moreover, rice
bran oil with> 10 wt% free fatty acids may corrode stor-
age containers and engine parts [15]. Therefore, this study
focused on establishing conditions for oil extraction with
both < 10 ppm phosphorus and < 10 wt% free fatty acid
concentration.

The amount of phosphorus in rice bran oil extracted with
CO,-expanded hexane was investigated at 20, 25, and 30 °C
(Fig. 3a). At 20 °C, the amount of phosphorus first decreased
from 106.8 ppm at a CO, mole fraction of 0.76 to 9.8 ppm
at a CO, mole fraction of 0.82 and then varied between 9.8
and 3.7 ppm at higher CO, mole fractions, which is below
the 10 ppm limit for biofuel set in European standard (EN
14,214). At 25 °C, the amount of phosphorus decreased from
142.1 ppm at a CO, mole fraction of 0.82 to 9.1 ppm at a
CO, mole fraction of 0.87 and then varied between 5.0 and
9.1 ppm at higher CO, mole fractions. At 30 °C, the phos-
phorus concentration decreased from 145.3 ppm at a CO,
mole fraction of 0.88 to 6.2 ppm at a CO, mole fraction of
0.92 and then to 2.4 ppm at a CO, mole fraction of 0.92.
The decrease in phosphorus concentration is attributed to
the increase in CO, mole fraction, which reduces the solva-
tion power of hexane for polar lipids such as phospholipids.
Similar behavior has previously been observed at 25 °C [8].

In addition, increasing the temperature from 20 to 30 °C
enhanced the phosphorus concentration in rice bran oil. At
a CO, mole fraction of 0.82, the phosphorus concentration
sharply increased from 9.8 ppm at 20 °C to 142.1 ppm at
25 °C. A similar increase from 5.4 ppm at 25 °C to 45.6 ppm
at 30 °C was observed at a CO, mole fraction of 0.91. At a
CO, mole fraction of 0.92, the phosphorus concentrations
in the rice bran oils extracted at all three temperatures were
below the European standard (Fig. 3a). Thus, the optimum
CO, mole fraction for the extraction of rice bran oil with a
low phosphorus content depended on temperature, with CO,
mole fractions of 0.82, 0.87, and 0.92 at 20, 25, and 30 °C,

respectively, giving phosphorus concentrations of 9.8, 9.1,
and 6.2 ppm, respectively.

Contrarily, the amount of free fatty acids in rice bran oil
depends on the initial free fatty acid concentration in the
rice bran, storage conditions, and storage time. To avoid dis-
crepancies caused by such factors, the same frozen sample
was used for all experiments. Conventional hexane extrac-
tion gave a free fatty acid content of 6.64 wt%, as shown by
dashed line in Fig. 3b. The average free fatty acid concen-
trations in rice bran oil extracted by CO,-expanded hexane
under various conditions were in the range of 5.69-5.89
wt%. However, the CO, mole fraction (0.82-0.94) and
extraction temperature (20, 25, and 30 °C) had no signifi-
cant effect on the amount of free fatty acid in rice bran oil.

The fact that free fatty acid content was 14.31 wt% lower
in the rice bran oil extracted with CO,-expanded hexane was
due to the dilution effect. The amounts of free fatty acids
extracted using hexane and CO,-expanded hexane were the
same but the amount of oil extracted using CO,-expanded
hexane was larger, resulting in a lower free fatty acid concen-
tration in the rice bran oil extracted with CO,-expanded hex-
ane. Similarly, rice bran oil extracted using CO,-expanded
hexane has previously been reported to contain 17 wt% less
free fatty acids than that produced using conventional hex-
ane extraction [8].

Effect of Pressure on Rice Bran Oil Yield, Solubility,
and Oil Quality

Rice bran oil extraction using CO,-expanded hexane was
also investigated at varying pressure (4.2—7 MPa) (Fig. 4a).
Within the investigated pressure range, there was no signifi-
cant (p <0.05) change in oil yield (0.2390-0.2548 g-oil/g-
sample, with an average of 0.247 g-oil/g-sample). The
observed variation of 2.35% in rice bran oil yield was
within acceptable experimental error. Notably, the oil yield
for CO,-expanded hexane extraction was higher than that
obtained using the conventional extraction method (20.2%).
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Thus, CO,-expanded hexane shows potential for extracting
almost all the oil from rice bran (~20-25%) [7].

The oil solubility was found to decrease significantly
(p <0.05) from 0.120 to 0.042 g-oil/g-solvent upon increas-
ing the pressure from 4.2 to 7.0 MPa (Fig. 4a). In particu-
lar, a drastic decrease in oil solubility was observed below
5.0 MPa. This phenomenon is associated with the expansion
of liquid hexane by added CO,, which reduces the solva-
tion power by decreasing the density in the vapor-liquid
phase. The slight decrease in oil solubility upon increas-
ing the pressure from 5 to 7 MPa in the liquid phase could
be due to added CO, change to dense fluid. Consequently,
the density of liquid hexane decreased slightly owing to the
small expansivity. The small expansivity would result in a
small decrease in solvation.

Furthermore, the extraction pressure was found to
influence the phosphorus concentration (Fig. 4b). The
phosphorus content was 132.6 ppm at 4.2 MPa, decreased
significantly to 9.1 ppm at 5.0 MPa, and remained below
10 ppm above 5.0 MPa. Thus, the rice bran oil sam-
ples extracted with CO,-expanded hexane at pressures
of > 5.0 MPa complied with the European standard for
biodiesel of 10 ppm. The combination of the high CO,
mole fraction (0.86-0.89) and a pressure of > 5.0 MPa
promotes the extraction of high-quality rice bran oil due
to reduced lipid solvation. Moreover, the phosphorus con-
centration and oil solubility showed similar behavior, as
both depended on the solvation power, which varied with
solvent density.

Finally, the free fatty acid content in rice bran oil
extracted with CO,-expanded hexane did not depend sig-
nificantly (p <0.05) on the extraction pressure (Fig. 4b). The
concentration of free fatty acids in rice bran oil extracted at

pressures of 4.2-7.0 MPa ranged from 8.01 to 8.94 wt%.
This behavior is due to free fatty acids being small mol-
ecules, which could be dissolved in CO,-expanded hexane
regardless of the extraction pressure.

Effect of Pretreatment Conditions on Rice Bran
Moisture Content, Oil Yield, Solubility, and Oil
Quality

Dependence of Rice Bran Moisture Content
on Pretreatment Conditions

Raw rice bran had a moisture content of 11.76%, whereas
rice bran samples pretreated under various conditions had
reduced moisture contents of 0.90-4.91% (Table 1). Simi-
larly, rice bran has been previously reported to contain
11.16% and > 4.29% moisture before and after pretreatment,
respectively [21]. At the same pretreatment temperature, sig-
nificant differences in moisture content were obtained from
1 to 3 h (p <0.05). However, at longer pretreatment times
(3 and 5 h), there were no significant differences in the rice
bran moisture content (0.90-1.46%). Furthermore, the dif-
ference between pretreatment at 80 °C for 1 h and 100 °C for
0.5 h was statistically insignificant, highlighting that treat-
ment with a high temperature for a short time can be used
to effectively reduce the treatment time. For 10 weeks of
storage, the optimum pretreatment conditions were found
to be 100 °C for 1 h.

The moisture contents of the rice bran sample were found
to return to the equilibrium moisture content after 10 weeks
of storage, despite being stored in Ziploc bags, which may be
due to the moisture permeability of Ziploc bags, as reported
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Table 1 Moisture content, oil yield, solubility, and phosphorus concentration dependence on pretreatment conditions

Pretreatment conditions

Moisture content [wt%]

Oil yield [g-oil/g-sample]

CXH oil solubility ~ Phosphorus concentration

[g-oil/g-solvent] [ppm]
0 week 10th week HE CXH HE CXH
Control* 11.76*+0.02  10.63*+0.13  0.20+0.00  0.222*+0.008  0.047* +0.002 1753+3.5  5.10+0.05
80°C, 1h 4.91°+0.06 6.47°+0.09  020+0.01  0.257 0.048 227.5+44  3.72+0.04
80°C,3h 1.46°+0.05 5.56%+£0.20 0.21+0.00 0.235 0.048 298.6+3.7  3.50+0.04
80°C,5h 1.36°+0.05 5.534+£0.17 0.21+0.00  0.246 0.049 325.1+29  6.01+0.12
90°C,1h 4.25°+0.05 6.26°+0.06 0.20+0.01  0.239 0.048 247.5+3.1  4.52+0.09
90°C,3h 1.097+0.10 5.559+0.06 0.20+0.01  0.232 0.055 305.1+£3.3  4.60+0.05
90°C,5h 1.03%8+0.06 5.16°+0.01 0.21+£0.00 0.247 0.050 360.6+55 7.59+0.23
100 °C,0.5h 4.83*+0.06 6.64°+0.15 0.20+0.01  0.243 0.049 301.4+45 4.20+0.05
100°C, 1 h 3.419+0.05 5.769+0.01 0.20+0.01  0.253 0.053 3252+34  2.51+0.05
100 °C,3 h 0.9¢+0.00 4.86°+0.03 0.21+0.01  0.235 0.048 373.9+5.1  4.03+0.04

Means with the same letter in a column are not significantly different (p <0.05); the values are presented as mean + standard deviation

CXH, CO,-expanded hexane; HE, hexane extraction

*Average of three experimental data obtained at similar CXH extraction condition of 0.88 CO, mole fraction, 5.1 MPa and 25 °C [8] for 150 min

in a recent study [21]. These findings suggest that under the
optimum pretreatment conditions, lipase inactivation is only
effective for 10 weeks of storage at room temperature.

Dependence of Rice Bran QOil Yield and Solubility
on Moisture Content

Conventional hexane extraction from pretreated and
untreated rice bran gave oil yields of 0.200-0.209 g-oil/g-
sample (Table 1), which is consistent with the literature
value of 0.203 g-oil/g-sample for raw rice bran [7]. At the
same treatment temperature, the oil yield increased slightly
(0—4.5%) upon prolonging the treatment time to 5 h. The
oil yield increased insignificantly (p < 0.05) with decreasing
moisture content. It was hypothesized that the amount of oil
extracted from rice bran depends on the interaction between
the extractant and the oil within the rice bran matrix, as the
presence of water in the matrix can hinder direct contact
and thus reduce the oil yield. However, the current findings
indicate that water interference was negligible.

The oil yield for pretreated rice bran samples extracted
with CO,-expanded hexane at a CO, mole fraction of 0.88,
5.1 MPa, and 25 °C [8] ranged from 0.232 to 0.252 g-oil/g-
sample, corresponding to a 4.5-15.9% increase compared
with raw rice bran extracted with CO,-expanded hexane
(Table 1). However, neither pretreatment time nor tempera-
ture had a significant effect on the oil yield. In addition,
reducing the moisture content had no clear effect on enhanc-
ing the oil yield. A similar finding was reported for rice
bran extracted with CO,-expanded hexane, with the oil yield
ranging from 0.247 to 0.253 g-oil/g-sample [7].

The solubility of rice bran oil extracted at 25 °C, 5.1 MPa,
and a CO, mole fraction of 0.88 increased slightly from

@ Springer

0.047 to 0.050 g-oil/g-solvent as the moisture content
decreased from 11.76 to 0.9 wt% (Table 1). The difference
in oil solubility for pretreated rice bran (0.048-0.050 g-oil/g-
solvent) and untreated rice bran (0.047 g-oil/g-solvent) was
statistically insignificant (p < 0.05). The slight increment
in the oil solubility from pretreated rice bran is associated
with the increased destruction of the phospholipid mem-
branes encapsulating the oil during moisture reduction. Cell
membrane destruction under prolonged heating can provide
a high surface area for extractant contact through thermopo-
ration. Nevertheless, the insignificant change in oil solubility
is consistent with the negligible change in oil yield with
temperature and CO, mole fraction.

Effect of Pretreatment on Phosphorus Concentration

Phosphorus is an oil impurity that exists in the form of
phospholipids. With conventional hexane extraction, the
phosphorus concentration in rice bran oil increased with the
reduction in rice bran moisture content (Table 1). The raw
rice bran with a moisture content of 11.76 wt% produced
an oil with 175.3 ppm of phosphorus, whereas reducing
the moisture content to 4.91 wt%, 3.41 wt%, and 0.9 wt%
resulted in increased phosphorus contents of 227.5, 325.2,
and 373.9 ppm, respectively. The increase in phosphorus
concentration is associated with the decomposition of large
phospholipid molecules in rice bran during prolonged heat-
ing. Shorter phospholipid molecules can be easily extracted
with shorter solvent molecules, such as hexane.

In contrast, the phosphorus content of rice bran oil
extracted using CO,-expanded hexane remained below the
European standard of < 10 ppm at all moisture contents
(2.5-7.0 ppm) (Table 1). This phenomenon is attributed
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to the affinity of CO,-expanded hexane for neutral lipids
over polar lipids [7]. Therefore, it is advantageous to use
CO,-expanded hexane extraction than conventional hexane
extraction to produce impurity-free rice bran oil from pre-
treated rice bran.

Effect of Pretreatment on Free Fatty Acid Concentration

The free fatty acid concentration in rice bran increased sig-
nificantly (p <0.05) from 7.76 to 41.04 wt% after 10 weeks
of storage at room temperature (24.3-27.7 °C) (Fig. 5). The
initial free fatty acid content in the pretreated rice bran sam-
ples was 7.46-8.20 wt%. Slight variations in the free fatty
acid contents with storage time were observed under all pre-
treatment conditions. The rice bran samples treated at 100 °C
for 0.5 h and at 80 °C for 1 h both exceeded the limit of 10
wt% free fatty acids within 5 weeks of storage, as did the
sample treated at 90 °C for 1 h after 7 weeks of storage and
the samples treated at 90 °C for 3 h, at 80 °C for 3 h, and at
80 °C for 5 h after 10 weeks of storage. Three treatment con-
ditions were found to effectively inactivate lipase enzymes for
10 weeks, namely, 100 °C for 1 h, 100 °C for 3 h, and 90 °C
for 5 h, which gave free fatty acid contents of 9.77 wt%, 9.87
wt%, and 9.41 wt%, respectively. These findings are consist-
ent with the results of a previous study, which showed that
hot air drying at 100 °C for 1 h effectively prevented free fatty
acid formation for 24 weeks of storage [25].

Selection of Pretreatment Conditions by Free Fatty Acid
Formation Kinetics

The correlation between lipid deterioration and moisture
content was analyzed using a zero-order kinetic model pro-
posed for low-moisture food matrices [21]. Linear regression

was used to establish the rate constants and corresponding
standard errors at each pretreatment condition. A polyno-
mial relationship between rate constants for free fatty acid
formation and the moisture content was observed Kpp, (Wt%/
week) = —0.0018MC? +0.0629MC?* — 0.257MC + 0.4178,
»=0.9983, where Ky, is the rate constant of free fatty acid
formation and MC is the moisture content (Fig. 6). A signifi-
cant decrease in Ky, Was observed as the moisture content
was reduced, which can be associated with a decrease in
molecular interactions between lipids and water as drying
reduces the water concentration because water is critical for
free fatty acid formation [25]. Similar trends were reported

3.5

Krea = -0.0018MC3 + 0.0629MC? - 0.257MC + 0.417
R?=0.9983

2.5 A

2.0 f

1.5 -

Keea [Wt%/week]

0.5 -

0.0

0.0 5.0 10.0

Moisture content [wt%)]

Fig. 6 Free fatty acid formation kinetics in pretreated rice bran; Kpp:
rate constant of free fatty acid formation (wt%/week) and MC: mois-
ture content (wt%)

Fig.5 Dependence of free fatty
acid content on pretreatment
conditions during storage time
at room temperature (24.3—
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upon reducing the moisture in rice bran from 11.12 to 3.07%
[21] and in rough rice from 41 to 29% by infrared treatment
coupled with incubation at 60 °C for 1-5 h [22].

The kinetic model can aid the selection of optimal
pretreatment conditions to avoid disrupting the oxygen-
protective monolayer of water formed during heating. The
disruption of this layer occurs at low free fatty acid for-
mation rates and below threshold moisture content [21]
due to over drying. The layer disruption facilitates the
lipid auto-oxidation reaction leading to lipid rancidity.
According to the results of this study, the threshold mois-
ture content of 3.41 wt% for lipase activity suppression
was obtained by pretreatment at 100 °C for 1 h. It has
been reported that each food matrix has a minimum mois-
ture content to avoid overheating, and that of rice bran has
been suggested to be at least 4.29 wt% [21]. Therefore,
the optimum pretreatment conditions of 100 °C for 1 h
offer a low free fatty acid formation rate, which can be
maintained below 10 wt% for 10 weeks of storage while
preventing the rice bran from over drying.

Conclusions

High-quality rice bran oil was successfully extracted using
CO,-expanded hexane at ambient temperature without
refining. The extraction process can be carried at any geo-
graphical room temperature between 20 and 30 °C and at
any pressure between 5.0 and 7.0 MPa during industrial
applications. The optimum CO, mole fraction for extract-
ing rice bran oil with < 10 ppm phosphorus concentration
depends on the temperature. Moreover, to inhibit lipase
activity, the optimum pretreatment condition of 100 °C for
1 h has been established. Furthermore, the pretreatment
conditions do not adversely affect the quality of rice bran
oil. Further investigations should focus on the production
of edible bio-oils by CO,-expanded liquid extraction using
less toxic solvents.
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