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Defatted rice bran was extracted with water and subcritical water at 50–250 °C for 5 min. The highest
extract yield was achieved at 200 °C, at which the maximum amounts of protein and carbohydrate
were also obtained. The total phenolic and furfural contents, radical scavenging activity, and
antioxidative activity for the autoxidation of linoleic acid increased with increasing treatment
temperature. The bran extracts exhibited emulsifying activity except for the extract prepared at 250
°C, which was concomitant with the disappearance of its high-molecular-mass substances. The extract
prepared at 200 °C also had the highest emulsion-stabilizing activity.
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INTRODUCTION

Rice bran is a major by-product obtained from the polishing
process that produces white rice. After extraction of the edible
oil, defatted rice bran is used to reduce the final cost in animal
feeds or is discarded as agricultural waste. However, it still
contains significant amounts of protein, carbohydrate, dietary
fiber, and phenolic substances, which are beneficial as health-
promoting and functional substances in foods (1, 2). The
substances possess properties such as radical scavenging,
antioxidative, and emulsifying activities (3, 4). Recently, these
substances could be recovered by organic solvents, such as
methanol and ethanol, and by supercritical carbon dioxide
extraction (3, 5). Although these methods are convenient, they
are time-consuming and sometimes produce toxic wastes after
use.

Subcritical water extraction is a technique using hot water
between 100 and 374 °C under high pressure to maintain its
liquid state (critical point of water, 22.4 MPa and 374 °C). It is
environmentally friendly because it does not use organic solvent
and alleviates the problems accompanied with the conventional
methods. As the temperature of the water increases from ambient
temperature to 250 °C, its relative dielectric constant decreases
from around 80 to near 27, which is similar to that of acetone
at ambient temperature (6, 7). Consequently, subcritical water
has the ability to dissolve hydrophobic substances. Furthermore,
because the dissociation constant of water to hydrogen and

hydroxyl ions is orders of magnitude greater than that in ambient
water, the water acts as an acid or base catalyst in chemical
reactions.

Biomaterials, such as proteins and carbohydrates, could be
hydrolyzed in subcritical water without additional catalysts (8, 9).
The cellulose and hemicellulose of brans, leaves, and grass could
be degraded by subcritical water treatment at 160–260 °C (10, 11).

The purpose of this study is to demonstrate the potentiality
of the subcritical water as an extractant to recover beneficial
substances from defatted rice bran by its subcritical water
treatment and to characterize the substances in the extracts
prepared at different temperatures. The results would bring about
the effective utilization of defatted rice bran, most of which is
discarded as agro-waste, using an environmentally friendly and
safe extractant.

MATERIALS AND METHODS

Materials. The bran of rice (Oryza satiVa) was defatted according
to the AOCS official method Ba 3-38 by Soxhlet extraction using
petroleum ether as the extractant (12). The defatted rice bran contains
moisture (13%), crude fat (1.3%), crude fiber (9.6%), crude ash (11.8%),
crude protein (16.8%), and nitrogen-free soluble substances (47.5%).
1,1-Diphenyl-1-picrylhydrazyl hydrate (DPPH) and bovine serum
albumin (99% purity) were purchased from Wako Pure Chemical
Industries (Osaka, Japan). L-Ascorbic acid (>99.5%) was purchased
from Nacalai Tesque (Kyoto, Japan). Folin–Ciocalteu reagent was
purchased from ICN Biochemicals, Inc. (Aurora, OH, USA). Linoleic
acid (>95%) was purchased from Tokyo Kasei Kogyo (Tokyo, Japan).
Gallic acid, furfural and trimethylsilyl diazomethane in hexane (2 mol/
L) were purchased from Sigma-Aldrich Japan (Tokyo). Dextrans
(10–500 kDa), polyethylene glycols, glucose, sucrose, and maltotriose,
which were used as standards for the gel permeation chromatography,
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were purchased from Wako or Amersham Biochemicals (Uppsala,
Sweden). The other chemicals of analytical grade were purchased from
Wako or Nacalai Tesque.

Apparatus. A vessel, which was made from SUS-316 stainless steel
with a volume of 117 mL (30 mm i.d.; 42 mm o.d.; 321 mm outside
height) and was resistant to high pressure and temperature, was
assembled by the Taiatsu Techno Corporation, Osaka, Japan. The
temperature of defatted rice bran and water mixture in the vessel was
measured using a thermocouple inserted into a tube, which was
assembled with the vessel. The treatment temperature was regulated at
a desired value using a temperature regulator and a mantle heater
(Heater Engineer Co., Tokyo, Japan) as the heat source.

Preparation of Bran Extract by Subcritical Water Treatment.
The defatted rice bran was treated in the subcritical water using the
described vessel. The conditions were determined based on our previous
research (13) in which black rice bran was treated with subcritical water
using a small vessel (working volume of 10 mL). The mixture of
the bran (1.5 g) and water (75 mL) in the vessel was heated to the
determined temperatures and held for 5 min at each temperature. The
times required to raise the temperature from the ambient to 50, 100,
150, 200, and 250 °C were 5, 11, 18, 28, and 39 min, respectively.
The pressure in the vessel was 0.012–3.97 MPa according to the IAPWS
formulation (14). The vessel was cooled to ambient temperature in an
ice bath immediately after the treatment. The bran extract was clarified
through a paper filter and centrifugation (RS-18II, Tomy Seiko Co.,
Tokyo, Japan) at 8500 rpm for 10 min. The bran extracts were kept in
a refrigerator at 4 °C without any precipitation until they were used
for analysis. The amounts and properties of the substances removed
by the filtration and the centrifugation were not measured because their
use was not considered in the practical process.

Total Carbohydrate Content. The total carbohydrate content in
the bran extract was determined by the modified phenol–sulfuric acid
method (15). A 25 µL aliquot of an 80% (w/w) aqueous phenol solution
and 2.5 mL of H2SO4 were added to 1 mL of the diluted extract or
glucose solution as a standard and then the sample was mixed well.
The mixture was left for 10 min at ambient temperature and then cooled
in the 25 °C water bath for 10 min. The total carbohydrate content
was evaluated using a UV-1200 spectrophotometer (Shimadzu, Kyoto)
at 490 nm versus water as the blank.

Protein Content. The protein content of the bran extract was
evaluated according to the Lowry–Folin assay (16). Bovine serum
albumin at 50–500 mg/L and water were used as the standards for the
calibration curve and blank, respectively. Each bran extract was diluted
serially before analysis. The absorbance at 500 nm was used to measure
protein content in the bran extracts and protein standard.

Total Phenolic Content. The total phenolic content of the bran
extract was evaluated using the Folin–Ciocalteu reagent (3, 17). The
diluted bran extract (100 µL) was combined with the freshly prepared
Folin–Ciocalteu reagent (400 µL) and 75 g/L sodium carbonate (1 mL).
The mixture was filled to 5 mL with distilled water and then kept in
the dark at ambient temperature for 2 h to complete the reaction. The
total phenolic content was evaluated by measuring the absorbance at
765 nm. Gallic acid was used as the standard, and the results were
calculated as the gallic acid equivalent (mg of gallic acid/g of bran).

Furfural Content. The furfural content of each bran extract was
determined using an HPLC (LC-10AT, Shimadzu, Kyoto Japan)
equipped with an YMC-Pack ODS-A column (4.6 mm i.d. × 100 mm;
YMC, Kyoto, Japan) and a Shimadzu SPD-6A spectrophotometric
detector (284 nm) according to our previous method (18). The mobile
phase was 10% (v/v) methanol, and its flow rate was 0.5 mL/min. The
determination was conducted in triplicate for each bran extract and the
furfural content was expressed as mmol/g of bran.

Molecular Mass Distribution. The molecular mass distribution of
the substances in the bran extract was estimated by HPLC (LC-6A
Shimadzu, Kyoto) equipped with an YMC-pack Diol-60 column (500
× 8.0 mm ID, YMC, Kyoto) and an RIU-6A refractometer (Shimadzu)
at ambient temperature. The mobile phase was 0.05 mol/L NaNO3,
and its flow rate was 1.0 mL/min. The injection volume of each bran
extract was 20 µL, and the analysis was performed in triplicate. Glucose,
sucrose, polyethylene glycols, and dextran (10–500 kDa) solutions were
used as standards for determination of the molecular masses.

Absorption Spectrum. The UV and Vis spectra were measured
using a UV-1600 spectrophotometer (Shimadzu, Kyoto) in the range
of 200–400 nm. Each bran extract was serially diluted with water to
obtain an absorbance less than unity for both the UV and Vis
measurements.

Radical Scavenging Activity. The DPPH radical scavenging activity
was evaluated by modifying the method of Fujinami et al. (19). A 1
mL aliquot of 0.5 mmol/L DPPH in ethanol was added to 4 mL of
diluted bran extract or L-ascorbic acid (abbreviated VC) as the standard.
The mixture was well shaken and placed in the dark for 20 min at
ambient temperature. The remaining radical quantity was determined
by the spectrophotometer at 516 nm. A 4 mL aliquot of 50% (v/v)
aqueous ethanol was used as the blank. The radical scavenging activity
of the diluted extract or VC solution was defined as the amount of the
extract necessary to reduce the initial DPPH concentration by 50% and
was calculated as follows:

Radical scavenging activity) (A-B+C)/A × 100(%) (1)

where A is the initial absorbance of the blank, B is the absorbance of
the mixture of the diluted extract or VC solution and DPPH solution
at 20 min, and C is the absorbance of the diluted extract without the
DPPH solution. The activity was expressed as mmol of VC equivalent/g
of bran.

Emulsifying and Emulsion-Stabilizing Activities. An oil-in-water
(O/W) emulsion was prepared by homogenization of the bran extract
(3 mL) and soybean oil (0.15 g) at ambient temperature using a rotor/
stator homogenizer (Physcotron NS-50, Nichion Irika Kiki, Tokyo) for
3 min at a power setting of 70 (ca. 10 000 rpm). The emulsifying activity
of the bran extract was evaluated by measuring the particle-size
distribution of the oil droplets in the emulsion using a SALD-2100
laser diffraction particle size analyzer (Shimadzu, Kyoto, Japan). The
emulsion-stabilizing activity was also evaluated by measuring the
particle-size distribution after a 3-h storage at ambient temperature.

Antioxidative Activity for Autoxidation of Linoleic Acid. A bran
extract was concentrated by a rotary evaporator (Tokyo Rikakikai Co.,
Tokyo, Japan) at 65 °C and lyophilized to obtain its powder. The
powder was kept in glass bottles in a refrigerator at 4 °C until used.
Evaluation of the antioxidative activity was conducted according to
our previous method (20). The extract powders (224 mg) prepared at
50–150 °C and at 200 and 250 °C were dissolved in water and a
water–methanol mixture (60/40), respectively. The same amount (224
mg) of linoleic acid was separately dissolved in methanol. The extract
and linoleic acid solutions were mixed to obtain a specific weight ratio
of the extract to linoleic acid that ranged from 0.05 to 0.7. After
distribution of 300 µL of the mixture into amber glass vials (1.5 × 4.5
mm) and removal of the methanol and water under reduced pressure,
oxidation of the linoleic acid was measured at 65 °C and ca. 0% relative
humidity by phosphorus (V) oxide. Methyl palmitate and trimethylsi-
lyldiazomethane in hexane were used as the internal standard and
methylating agent, respectively. The unoxidized linoleic acid was
determined by a GC-14A gas chromatograph (Shimadzu, Kyoto)
equipped with a separation column (3.2 mm i.d. × 3.1 m) packed with
Advance-DS on Shinchrom A and a hydrogen flame-ionization detector.
The column, injection, and detector temperatures were 200, 230, and
230 °C, respectively. N2 gas was used as the carrier gas at a flow rate
of 50 mL/min. The fraction of the unoxidized linoleic acid was
determined from the ratio of the peak area of the unoxidized linoleic
to that of methyl palmitate.

Water Sorption Isotherm. The lyophilized bran extract powders
were used to determine their water sorption isotherms. The isotherms
at 30 °C were determined according to the isopiestic method (21) using
saturated lithium chloride (water activity 0.11), potassium acetate (0.22),
magnesium chloride (0.32), potassium carbonate (0.43), magnesium
nitrate (0.51), sodium bromide (0.59), potassium iodide (0.68), sodium
chloride (0.75), and potassium chloride (0.84) solutions. Each bran
extract (0.5 g) was placed in airtight stainless steel containers in the
presence of the specified saturated salt solution to regulate the water
activity and crystalline thymol to prevent microbial spoilage of the
extract powders at high water activities (aw > 0.7). The containers were
maintained at 30 °C in an oven until the extracts reached equilibrium
weight (the difference in weight within ( 0.0005 g), which took about
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7–20 days for each water activity (22). After the equilibrium had been
reached, the samples were dried in an oven at 105 °C for 24 h (12).

The Guggenheim–Anderson–de Boer (GAB) equation [eq 2] was
used to fit the experimental data:

q
qm

)
CKaw

(1-Kaw)(1-Kaw +CKaw)
(2)

where q is the amount of water sorbed at equilibrium on a dry basis,
aw is the water activity, qm is the q value for a monolayer coverage, C
is a constant related to the first layer heat of sorption, and K is a factor
related to the heat of sorption of the multilayer (23). The three
parameters, qm, C, and K, of the GAB equation were estimated to best-
fit the calculated results to the experimental ones using the Solver in
Microsoft Excel.

Statistical Analysis. All the experiments except the antioxidative
activity and water sorption isotherm were conducted twice, and each
analysis was conducted in triplicate. The experimental data of the bran
extracts were evaluated for mean comparisons using statistical software
(SAS Institute, NC) with an analysis of variance (ANOVA). The mean
difference among each bran extract at a significant level of P < 0.05
was compared using Duncan’s multiple range test.

RESULTS AND DISCUSSION

Composition of Bran Extracts Prepared at Various
Temperatures. The bran extracts, which were prepared at
various temperatures and clarified by filtration, were lyophilized
to measure the yield (Figure 1a). The yield increased with
increasing temperature up to 200 °C, at which the maximum
yield of ca. 50% was observed (P < 0.05), while it sharply
decreased over 200 °C.

Figure 1a also shows the dependencies of the carbohydrate
and protein contents on the treatment temperature. The carbo-
hydrate and protein contents of the extracts increased with
increasing temperature from 50 to 200 °C. In constrast, the
carbohydrate content substantially decreased and the protein
content was subjected to a slight decrease at 250 °C (P < 0.05).
The solubility of the rice bran protein in water was generally
low due to strong aggregation through a hydrophobic interaction
and extensive association with the cell wall (24). An increase
in its solubility at higher temperatures would result from
hydrolysis of the protein and cell wall. A sharp decrease in the

carbohydrate content at 250 °C was attributed to decomposition
of the saccharides into degraded products, which could not
respond to the phenol–sulfuric method.

Figure 1b shows the total phenolic contents of the bran
extracts prepared at various temperatures. The total phenolic
content increased with increasing treatment temperature (P <
0.05). A gradual increase in the total phenolic content was
observed when the bran was treated from 50 to 150 °C, and a
drastic increase was observed when treated over 150 °C. The
phenolic components of the rice bran are mainly classified as
free and bound phenolic substances. Most phenolic substances
in the rice bran are cross-linked to polysaccharides containing
glucose, arabinose, xylose, galactose, rhamnose, and mannose
residues in the cell wall and difficult to be recovered by an
organic solvent unless the rice bran is treated under an acidic
or basic condition (25, 26). Increase in the solubility of the
phenolic substances at high treatment temperatures could be due
to disruption of the bran during subcritical water treatment and
the subsequent release of the phenolic substances from the cell
wall into the extract. In addition, the sharp increase in the
phenolic content at 200 °C would be explained by the significant
decomposition of the cell wall due to severe heat treatment
which promoted the solubilization of those substances.

It has been reported that the phenolic substances in the bran
extract predominantly contain ferulic, p-coumaric, p-hydroxy-
benzoic, and vanillic acids and a minority of caffeic, gentisic,
protocatechuic, and syringic acids (1, 27, 28). The present results
indicated that subcritical water was one of suitable methods to
recover the phenolic substances from the rice bran.

As the bran extract contains proteins and carbohydrates, the
browning reaction is one of dominant reactions occurring during
the subcritical water treatment. Furfural is a well-known
intermediate product formed during the early stage of the
nonenzymatic browning reaction and used as an indicator for
the progress of either the Maillard browning reaction or
caramelization (29, 30). The furfural content increased with
increasing temperature. The formation of furfural scarcely
occurred at 50–150 °C. In contrast, it was significantly generated
during the treatment at 200 and 250 °C. A significant decrease
in the carbohydrate content at 250 °C did not affect the
formation of furfural. These results indicated that the browning
reaction significantly occurred when the bran was treated at over
150 °C.

Figure 1b also shows the effect of the treatment temperature
on the DPPH radical scavenging activity. The activity was higher
for the extract prepared at the higher temperatures (P < 0.05).
The radical scavenging activity would result from several
substances depending upon their water solubility and heat
stability. The strong radical scavenging activity against the
DPPH radical mainly resulted from the phenolic substances in
accordance with a linear correlation between the total phenolic
content and the radical scavenging activity with a slight
variation. At low treatment temperatures, free phenolic sub-
stances and proteins may be responsible for the radical scaveng-
ing activity (2, 31, 32). At high treatment temperatures, in
particular, at 200 and 250 °C, the substances in the bran extracts
were exposed to hydrolysis and simultaneously underwent the
browning reaction. The bound phenolic substances, which were
released into the bran extract, and the browning reaction
products, such as protein–carbohydrate conjugates, melanoidins,
and heterocyclic compounds, would also contribute to the radical
scavenging activity (27, 33, 34).

Figure 1. (a) Yield (O), the carbohydrate (0) and protein (4) contents,
(b) radical scavenging activity (O), and total phenolic (0) and furfural
(4) contents of the extracts from defatted rice brans using water or
subcritical water at various temperatures.
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Among the phenolic substances in the rice bran, ferulic acid
was considered to be in a significant quantity and had a relatively
strong radical scavenging activity (1, 27, 28).

Molecular Mass Distribution. Figure 2a1–a5 show the
chromatograms for the extracts at 50 to 250 °C. The substances
having molecular masses of less and more than 10 kDa were
designated as the low- and high-molecular-mass ones, respec-
tively. Figure 2b shows the temperature dependences of the
peak areas for the high- and low-molecular-mass substances.
Both the low- and the high-molecular-mass contents increased
with increasing temperature from 50 to 200 °C. However, the
low-molecular-mass content began to decrease at 250 °C, and
the high-molecular-mass completely disappeared at that tem-
perature. The fraction of the low-molecular-mass substances was
the highest in the bran extract prepared at 200 °C. Increases in
both the low- and the high-molecular-mass substances in the
extracts prepared at 50–200 °C contributed to increase the yield.

A decrease in the low-molecular-mass substances in the
extract prepared at 250 °C would be attributed to their further
degradation by the subcritical water. The decrease responded
to the decrease in the yield and the protein and carbohydrate
contents at that temperature. While a drastic decrease in the
high-molecular-mass substances was observed, the protein
content only slightly decreased. This fact would be explained
by hydrolysis of the protein to peptides or amino acids, which
were still positive in the Lowry–Folin method (16). These results
would suggest that the high-molecular-mass substances would
consist of mainly proteins and carbohydrates.

Absorption Spectra. The UV–vis spectra were measured for
the extracts prepared at the different temperatures (Figure 3).
The extracts prepared at 50–150 °C showed absorption maxima
at ca. 260 nm, while those at 200 and 250 °C had maxima at
ca. 280 nm. The two absorption maxima both suggested the
presence of various phenolic substances (35, 36). The absorption
maxima around 280 nm also indicated proteins, browning
reaction products such as furfural and pyrazine compounds, and
soluble lignin (37–39). The UV spectra of the extracts prepared
at 50–150 °C showed similar characteristics, and those of the
extracts at 200 and 250 °C were also similar to each other. This
mutual similarity would indicate that their constituents would
likely be identical substances but at different concentrations.

The inset of Figure 3 shows the ratio of the absorbance at
280 to 260 nm for the extracts obtained at different temperatures.

The ratios were almost the same for the extracts at 50 and 100
°C, and they were higher for the extract prepared at the higher
temperature. This fact might relate to the higher phenolic content
for the extract obtained at the higher temperature.

Emulsifying and Emulsion-Stabilizing Abilities. Figure
4a–d shows the distributions of oil droplets in the emulsions
prepared with soybean oil and the bran extracts at 50 to 200
°C. The distributions were also measured after a 3-h storage at
ambient temperature to estimate the emulsion-stabilizing ability
of the extract. The extract at 50 °C showed an increase in the
small oil droplets after storage. This would be interpreted as
follows: the oil droplets in the emulsion prepared with the extract
at 50 °C were large. Because the large oil droplets were more
unstable than the small ones, they coalesced to produce larger
droplets and oiled-off. The small droplets retained their size,

Figure 2. (a1–a5) Gel permeation chromatograms of the extracts prepared
at 50, 100, 150, 200, and 250 °C, respectively, and (b) the contents of
the low- (4) and high-molecular-mass (O) substances of the extracts.
The arrow in (a) indicates the elution time corresponding to the molecular
mass of 104.

Figure 3. UV–vis spectra for the extracts prepared at 50 °C (a), 100 °C
(b), 150 °C (c), 200 °C (d) and 250 °C (e). Inset: Temperature
dependence of the ratio at the absorbance of 280 to 260 nm for the
extracts.

Figure 4. Distribution in diameter of oil droplets in O/W emulsions prepared
using the extracts at (a) 50 °C, (b) 100 °C, (c) 150 °C, and (d) 200 °C
immediately after preparation (O) and after a 3-h storage at ambient
temperature (4).
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and hence, the distribution shifted to the smaller size after the
3-h storage. These facts would be ascribed to the low content
of the high-molecular-mass substances in the extract at 50 °C.
The extract at 200 °C, which had the highest content of high-
molecular-mass substances among the tested extracts, produced
the most stable emulsion, in which the distribution of oil droplets
did not change during the storage. The emulsion prepared using
the extract at 250 °C, which had no high-molecular-mass
substances, was oiled-off within a few minutes after its
preparation. These results indicated that the high-molecular-
mass substances responded to both the emulsifying and the
emulsion-stabilizing abilities of the bran extract.

Antioxidative Ability for the Oxidation of Linoleic Acid.
Figure 5 shows the oxidation processes of linoleic acid to which
the bran extracts prepared at different temperatures were added
at various weight ratios. Each bran extract obviously showed
the ability to retard the oxidation of linoleic acid in comparison
with the control with no extract addition. For every bran extract,
the oxidation was retarded more effectively at the higher weight
ratio of the extract to linoleic acid. Moreover, at the same weight
ratio, the higher the treatment temperature, the slower the
oxidation proceeded. The entire oxidation process of linoleic
acid could be expressed by the autocatalytic-type equation 3
(40).

dY/dt)-kY(1- Y) (3)

where Y is the fraction of the unoxidized linoleic acid, t is the
time, and k is the rate constant. Under the initial condition of Y
) Y0 at t ) 0, the integration of eq 3 gives eq 4.

ln[(1- Y)/Y]) kt+ ln[(1- Y0)/Y0] (4)

Y0 is a parameter, which is introduced to solve eq 3, and
reflects the induction period of the oxidation. The parameters k
and Y0 for each oxidation process were estimated by plotting

ln[(1 – Y)/Y] versus t. The solid curves in Figure 5 were drawn
using the estimated k and Y0 values.

The relationship between the k or Y0 value and the weight
ratio of the bran extract to linoleic acid is illustrated in Figure
6 for the extracts prepared at the various temperatures. The k
value decreased with increasing weight ratio, and the k values
for the linoleic acid to which the bran extract prepared at any
temperature was added were lower than the k value for the
linoleic acid with no extract. These results clearly implied that
all the bran extracts could suppress the autoxidation of linoleic
acid and that the bran extracts prepared at the higher temper-
atures were more effective in suppressing the autoxidation of
the linoleic acid.

The Y0 value increased with increasing weight ratio. All the
Y0 values for the oxidation of linoleic acid with the extracts
were higher than the Y0 value for the control experiment.
Because the Y0 value governed the oxidation induction period,
an increase in the Y0 value indicated the extension of the
induction period of the oxidation. The induction period of
linoleic acid to which the extract was added at the higher weight
ratio was longer.

The higher antioxidative activity of the extract prepared at
the higher treatment temperature had a similar inclination to
increase in the total phenolic content, DPPH radical scavenging
activity, UV absorbances at 260 and 280 nm for the extract.
This fact would suggest that the active substances in the bran
extract were the phenolic or aromatic substances.

Although the treatment of the bran at 250 °C would acquire
the highest antioxidative activity, the treatment of the bran at
200 °C seemed to be more suitable for obtaining the extract
having multiple properties such as emulsifying, emulsion-
stabilizing, and antioxidative abilities.

Water Sorption Isotherm. Because the bran extracts contain
carbohydrates and proteins of various molecular masses, they
would be considered as hygroscopic products. A profile of the
water sorption isotherm is characteristic of a hygroscopic

Figure 5. Oxidation processes at 65 °C and 0% relative humidity of linoeic
acid mixed with the extracts prepared at (a) 50 °C, (b) 100 °C, (c) 150
°C, (d) 200 °C, and (e) 250 °C. The weight ratios of the extract to linoleic
acid were 0 (b), 0.05 (0), 0.08 (3), 0.1 (O), 0.3 (4), 0.5 (]), and 0.7
(2).

Figure 6. Dependences of the (a) k and (b) Y0 values on the weight
ratio of the extract to linoleic acid. The symbols, 0, 3, ], O, and 4,
represent the extracts prepared at 50, 100, 150, 200, and 250 °C,
respectively.
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product. The water content of a weakly hygroscopic product
shows no or only a slight change in relation to the variation in
the relative humidity, while a strong hygroscopic product shows
a big difference in their water content (41).

Figure 7 shows the water sorption isotherms at 30 °C for
the bran extracts prepared at various temperatures. The experi-
mental data were fitted to the GAB equation. The estimated
qm, C, and K values for each sorption isotherm are listed in
Table 1. The qm values of the bran extracts prepared at 50 to
250 °C were close to each other and ranged from 0.0935 to
0.0684 g of H2O/g of bran extract. The C values increased with
increasing treatment temperature. The K values of all the bran
extracts were close to 1, which were consistent with the typical
value of hygroscopic products such as dried fruits and chocolate
powder (42–44). As inferred from the C values, all the bran
extracts would be classified as the type II sigmoid shape, which
is common for dehydrated foods (45). However, the sorption
isotherms of the bran extracts prepared at 50 and 100 °C were
close to the type III J shape. The J shape profile represents the
low content of the biopolymers leading to a low water sorption
at low water activities and a relatively high content of low-
molecular-mass sugars, which result in the prevailing effect of
the solute–solvent interactions in association with the dissolution
of low-molecular-mass sugars (42, 43, 46). The characteristics
of the sorption isotherms of the bran extracts prepared at 50
and 100 °C implied that they contained a relatively low content
of high-molecular-mass substances and a predominant amount
of water soluble solutes such as sugars.

For the bran extracts prepared at 150 to 250 °C, the amount
of water sorbed at low water activities gradually increased. Thus,
the profiles of the sorption isotherms were closer to the sigmoid
shape than the J shape. This result indicated an increase in the
content of the high-molecular-mass substances in the bran
extracts, which were also in accordance with the result from
the gel permeation chromatography.

Although all the substances in the bran extracts had dissolved
in the water after the subcritical water treatment, they could

not completely rehydrate in the water after drying. The reasons
for this may be explained by the fact that some of the substances
were water-insoluble, such as phenolic substances, browning
reaction products, and the high-molecular-mass substances of
proteins and carbohydrates. After drying, the active points for
water binding would likely be modified, which resulted in the
inaccessibility of the water molecules during the dampening
process (46, 47). A notable aspect of heterogeneous systems
was visually observed at the equilibrium moisture content for
the sorption isotherms of the bran extracts prepared at 150–250
°C. The different phases of the water-soluble and -insoluble
materials at equilibrium were observed at the same water
activity. The bran extracts prepared at 50 and 100 °C exhibited
only the water-soluble phase at the high water activities.
However, those prepared at 150 to 250 °C exhibited the two
different phases of water-soluble and -insoluble materials.
Consequently, the amount of water retained and water-binding
capacity of each phase can vary depending upon the constituents
of each phase. This may lead to crossing of the isotherms.

Although the high-molecular-mass substances of the bran
extract prepared at 250 °C were completely degraded, its
sorption isotherm also showed a high water content at low water
activities in comparison to the other bran extracts. The reason
for this would be explained by the fact that the degraded
products from the high-molecular-mass substances were still
oligosaccharides according to its gel permeation chromatogram.
Moreover, crossing of its isotherm to the other isotherms was
also observed at water activities higher than 0.5. This result
would imply that degraded products from the high temperature
treatment could interact with the water, which then leads to their
dissolution.

LITERATURE CITED

(1) Zhou, Z.; Robards, K.; Helliwell, S.; Blanchard, C. The distribution
of phenolic acids in rice. Food Chem. 2004, 87, 401–406.

(2) Saunders, R. M. Rice bran: Composition and potential food uses.
Food ReV. Int. 1985, 1, 465–495.

(3) Iqbal, S.; Bhanger, M. I.; Anwar, F. Antioxidant properties and
components of some commercially available varieties of rice bran
in Pakistan. Food Chem. 2005, 93, 265–272.

(4) Hamid-Abdul, A.; Luan, Y. S. Functional properties of dietary
fibre prepared from defatted rice bran. Food Chem. 2000, 68, 15–
19.

(5) Kim, H. J.; Lee, S. B.; Park, K. A.; Hong, I. K. Characterization
of extraction and separation of rice bran oil rich in EFA using
SFE process. Sep. Purif. Technol. 1999, 15, 1–8.

(6) Herrero, M.; Cifuentes, A.; Ibañez, E. Sub- and supercritical fluid
extraction of functional ingredients from different natural sources:
Plants, food-by-products, algae and microalgae. Food Chem. 2006,
98, 136–148.

(7) Ayala, R. S.; Castro, L. Continuous subcritical water extraction
as a useful tool for isolation of edible essential oils. Food Chem.
2001, 75, 109–113.

(8) Haghighat Khajavi, S.; Ota, S.; Kimura, Y.; Adachi, S. Kinetics
of maltooligosaccharide hydrolysis in subcritical water. J. Agric.
Food Chem. 2006, 54, 3663–3667.

(9) Rogalinski, T.; Herrmann, S.; Brunner, G. Production of amino
acid from bovine serum albumin by continuous sub-critical water
hydrolysis. J. Supercrit. Fluids 2005, 36, 49–58.

(10) Sun, Y.; Cheng, J. Hydrolysis of lignocellulosic materials for
ethanol production. Bioresour. Technol. 2002, 83, 1–11.

(11) Sasaki, M.; Fang, Z.; Fukushima, Y.; Adschiri, T.; Arai, K.
Dissolution and hydrolysis of cellulose in subcritical and super-
critical water. Ind. Eng. Chem. Res. 2000, 39, 2883–2890.

(12) AOAC. Official Methods of Analysis, 15th ed.; Association of
Official Analytical Chemists: Arlington, VA, 1990.

Figure 7. Water sorption isotherms at 30 °C for the extracts prepared at
different temperatures. The symbols are the same as in Figure 6.

Table 1. Parameters Fitted to GAB Equation for the Bran Extracts
Prepared at Various Treatment Temperatures

temperature for
bran extract [°C] qm × 102[g/g] C K

50 9.35 5.036 0.97
100 8.55 6.873 0.98
150 7.87 15.74 0.98
200 7.72 419.0 0.96
250 6.84 1095 1.01

8764 J. Agric. Food Chem., Vol. 55, No. 21, 2007 Wiboonsirikul et al.



(13) Wiboonsirikul, J.; Hata, S.; Tsuno, T.; Kimura, Y.; Adachi, S.
Production of functional substances from black rice bran by its
treatment in subcritical water. LWT-Food Sci. Technol. 2007, 40,
1732–1740.

(14) Wagner, W.; Pru�, A. The IAPWS formulation 1995 for the
thermodynamic properties of ordinary water substance for general
and scientific use. J. Phys. Chem. Ref. Data 2002, 31, 387–535.

(15) Dubois, M.; Gilles, K. A.; Hamilton, J. K.; Rebers, P. A.; Smith,
F. Colorimetric method for determination of sugars and related
substances. Anal. Chem. 1956, 28, 350–356.

(16) Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J. Protein
measurement with the Folin-phenol reagents. J. Biol Chem. 1951,
193, 265–275.

(17) Singleton, V. L; Rossi, J. A. Colorimetry of total phenolics with
phosphomolybdic- phosphotungestic acid reagent. Am. J. Enol.
Vitic. 1965, 16, 144–158.

(18) Haghighat Khajavi, S.; Kimura, Y.; Oomori, T.; Matsuno, R.;
Adachi, S. Degradation kinetics of monosaccharides in subcritical
water. J. Food Eng. 2005, 68, 309–313.

(19) Fujinami, Y.; Tai, A.; Yamamoto, I. Radical scavenging activity
against 1,1-diphenyl-2- picrylhydrazyl of ascorbic acid 2-glucoside
(AA-2G) and 6-acyl-AA-2G. Chem. Pharm. Bull. 2001, 49, 642–
644.

(20) Ishido, E.; Menemoto, Y.; Adachi, S.; Matsuno, R. Oxidation of
linoleic acid and methyl linoleate mixed with saturated fatty acid
or its methyl ester. LWT-Food Sci. Technol. 2001, 34, 234–238.

(21) Labuza, T. P.; Acott, K.; Tatini, S. R.; Lee, R. Y. Water activity
determination: A collaborative study of different methods. J. Food
Sci. 1976, 41, 910–917.

(22) Spiess, W. E. L.; Wolf, W. R. The results of the COST 90 Project
on water activity. In Physical Properties of Foods; Jowitt, R.,
Escher, F., Hallström, B., Meffert, H. F. Th., Spiess, W.E.L., Eds.;
Applied Science Publishers: New York, 1983; pp 65–91.

(23) Myhara, R. M.; Taylor, M. S.; Slominski, B. A; Al-Bulushi, I.
Moisture sorption isotherms and chemical composition of Omani
dates. J. Food Eng. 1998, 37, 471–479.

(24) Hamada, J. S. Characterization of protein fractions of rice bran
to devise effective methods of protein solubilization. Cereal Chem.
1997, 74 (5), 662–668.

(25) Garrote, G.; Cruz, J. M.; Moure, A.; Domínguez, H.; Parajó, J. C.
Antioxidant activity of byproducts from the hydrolytic processing
of selected lignocellulosic materials. Trends Food Sci. Technol.
2004, 15, 191–200.

(26) Adom, K. K.; Liu, R. H. Antioxidant activity of grains. J. Agric.
Food Chem. 2002, 50, 6182–6187.

(27) Okai, Y.; Higashi-Okai, K. Radical-scavenging activity of hot
water extract of Japanese rice bran-Association with phenolic
acids. J. UOEH. 2006, 28, 1–12.

(28) Tian, S.; Nakamura, K.; Cui, T.; Kayahara, H. High-performance
liquid chromatographic determination of phenolic compounds in
rice. J. Chromatogr., A 2005, 1063, 121–128.

(29) Tsai, P. J.; Delva, L; Yu, T. Y.; Huang, Y. T.; Dufossé, L. Effect
of sucrose on the anthocyanin and antioxidant capacity of mulberry
extract during high temperature heating. Food Res. Int. 2005, 38,
1059–1065.

(30) Cerrutti, P.; Resnik, S. L.; Seldes, A.; Fontan, C. F. Kinetics of
deteriorative reactions in model food systems of high water
activity: glucose loss, 5-hydroxymethylfurfural accumulation and
fluorescence development due to nonenzymatic browning. J. Food
Sci. 1985, 50, 627–630.

(31) Higashi-Okai, K.; Kanbara, K.; Amano, K.; Hagiwara, A.;
Sugita, C.; Matsumoto, N.; Okai, Y. Potent antioxidative and
antigenotoxic activity in aqueous extract of Japanese rice

bran - Association with peroxidase activity. Phytother. Res.
2004, 18, 628–633.

(32) Xu, Z.; Hua, N.; Samuel Godber, J. Antioxidant activity of
tocopherols, tocotrienols, and γ-oryanol components from rice
bran against cholesterol oxidation by 2,2′-azobis(2-methylpropi-
onamidine)dihydrochloride. J. Agric. Food Chem. 2001, 49, 2077–
2081.

(33) Friedman, M. Food browning and its prevention: an overview. J.
Agric. Food Chem. 1996, 44, 631–653.

(34) Okamoto, G.; Hayase, F.; Kato, H. Scavenging of active oxygen
species by glycated proteins. Biosci., Biotechnol., Biochem. 1992,
56, 928–931.

(35) Chen, F.; Duran, A. L.; Blount, J. W.; Sumner, L. W.; Dixon,
R. A. Profiling phenolic metabolites in transgenic alfalfa modified
in lignin biosynthesis. Phytochemistry 2003, 64, 1013–1021.

(36) Bravo, M. N.; Silva, S.; Coelho, A. V.; Vilas Boas, L.; Bronze,
M. R. Analysis of phenolic compounds in Muscatel wines
produced in Portugal. Anal. Chim. Acta 2006, 563, 84–92.

(37) Cruz, J. M.; Domínguez, H.; Parajó, J. C. Anti-oxidant activity
of isolates from acid hydrolysates of Eucalyptus globulus wood.
Food Chem. 2005, 90, 503–511.

(38) Del Alamo Sanza, M; Nevares Domínguez, I.; Cárcel Cárcel,
L. M.; Navas Gracia, L. Analysis for low molecular weight
phenolic compounds in a red wine aged in oak chips. Anal. Chim.
Acta 2004, 513, 229–237.

(39) Ando, H.; Sasaki, T.; Kokusho, T.; Shibata, M.; Uemura, Y.;
Hatate, Y. Decomposition behavior of plant biomass in hot-
compressed water. Ind. Eng. Chem. Res. 2000, 39, 3688–3693.

(40) Adachi, S.; Ishiguro, T.; Matsuno, R. Autoxidation kinetics for
fatty acids and their esters. J. Am. Chem. Soc. 1995, 72, 547–
551.

(41) Al-Muhtaseb, A. H.; McMinn, W. A. M.; Magee, T. R. A.
Moisture sorption isotherm characteristics of food products. Trans.
IChemE. 2002, 80, 118–128.

(42) Medeiros, M. L.; Ayrosa, A. M. I. B.; Pitombo, R. N. M.; Lannes,
S. C. S. Sorption isotherms of cocoa and cupuassu products. J.
Food Eng. 2006, 73, 402–406.

(43) Moraga, G.; Martínez-Navarrete, N.; Chiralt, A. Water sorption
isotherms and glass transition in strawberries: influence of
pretreatment. J. Food Eng. 2004, 62, 315–321.

(44) Tsami, E.; Marinos-Kouris, D.; Maroulis, Z. B. Water sorption
isotherms of raisins, currants, figs, prunes and apricots. J. Food
Sci. 1990, 55, 1594–1597.

(45) Brunauer, S.; Deming, L. S.; Deming, W. E.; Teller, E. On a theory
of the van der Waals adsorption of gases. J. Am. Chem. Soc. 1940,
62, 1723–1732.
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