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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Xing Chen In this study, steam explosion was employed as a modification process for rice bran insoluble dietary fiber
(RBIDF) to improve the flavor adsorption and controlled release capacities of RBIDF. Results showed that the
flavor adsorption ability of RBIDF was effectively improved due to the unfolding structure, increased specific
surface area and pore volume and exposure of more functional groups after steam explosion treatment. The
mechanism of the flavor adsorption behavior of modified RBIDF was preliminarily explored using adsorption
kinetics and isotherms combined with SEM and DSC analysis. Results showed that the Langmuir isotherm model
and pseudo-second-order kinetic model yielded the best fit to the adsorption data, indicating monolayer
adsorption of flavor onto the modified RBIDF, and the adsorption was mainly driven by chemisorption process.
The flavor release profile of modified RBIDF was investigated by HS-SPME/GC-MS and E-nose. After long-time
storage, the flavor compounds were retained at a higher concentration in the modified RBIDF compared with the
untreated RBIDF, indicating that the steam explosion treatment prolonged the retention time and enhanced the
retention and controlled release capacities of RBIDF for flavor compounds. This study provides indications for
potential applications of steam explosion-modified RBIDF as a novel flavor delivery system and functional
ingredient.
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1. Introduction methods for increasing shelf-life of flavor compounds and protecting

them from environmental agents (Han et al., 2021). The advantages of

Flavor is a very important characteristic of foods and it influences the
consumer sensory perception and product acceptability. Flavor sub-
stances such as essential oils and flavoring agents are small molecular
volatile compounds, which are widely used to improve the sensory
quality of the products (Liu et al., 2022; Premjit et al., 2022). However,
most flavor substances are usually highly volatile and are prone to
degradation under conditions of food processing or thermal treatments
such as heating and sterilization. Therefore, it is vital to retain the flavor
compounds stably during food manufacturing and storage processes. In
addition, the controlled release property of flavor is also desired during
storage. Adsorption technique is one of the most widely employed

adsorption method include ease of use, high efficiency and low cost.
Adsorbents are usually porous organic or inorganic materials, with large
specific surface area, easily regenerated, adjustable surface property and
relatively simple process. They play a critical role in the adsorption of
flavor compounds. Nowadays, development of non-toxic, degradable
and low-cost adsorbents with flavor binding capacity using by-products
of food processing show great potential in the field of adsorption.

Rice bran is an underutilized byproduct of rice milling. Approxi-
mately 74 million tons of rice bran are produced annually, most of which
are either discarded or used for animal feed. Rice bran contains 35%-—
50% dietary fiber, and nearly 90% of the total dietary fiber is insoluble
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(Zhao et al., 2018), indicating that rice bran insoluble dietary fiber
might be an excellent source of insoluble dietary fiber. Hemicellulose,
cellulose and lignin are the three main components of RBIDF, and the
surface of these components usually contains a large number of func-
tional groups such as hydroxyl, phenol hydroxyl, aldehyde, ketone, ester
and carboxyl groups, which can have certain adsorption capacities for
some molecules such as lipids, glucose, cholesterol and heavy metal ions
(Niu et al., 2023; Wu et al., 2021a). Previous study has proven that
RBIDF had a good ability to adsorb Cd ion in vitro. The hydroxyl,
carboxyl and NH groups of RBIDF are the main functional groups, which
can chemically bind with Cd (Wu et al., 2021b). Niu et al. reported that
RBIDF after ball milling processing had higher glucose and cholesterol
adsorption capacities and oil holding capacity. This might be due to the
fact that the ball milling treatment result in higher porous matrix
structure, increased surface hydrophobicity and exposure of more
functional groups (such as hydroxyl, carbonyl, etc.) (Niu et al., 2023).

We are interested in the application of RBIDF as a host material for
flavor compounds. Since BRIDF has porous structure and contains
functional groups, it is reasonable to expect the flavor compound would
be enclosed in the three-dimensional network structure and bind to the
functional groups in the matrix. However, RBIDF usually has a compact
polymeric structure, which is difficult to disintegrate to expose func-
tional groups (Wu et al., 2021b). Therefore, the compact structure must
be disrupted in a controlled manner to produce insoluble dietary fiber
with the desired structural and functional properties. Steam explosion
was one of the most effective methods to disrupt lignocellulosic struc-
ture in an environmentally friendly way. Researches have also shown
that steam explosion could generate cavities or micropores inside the
fiber matrix, loosen the cell wall microstructure, and improve choles-
terol and ion adsorption capacities (Ouyang et al., 2023a; Vitrone et al.,
2022; Wang et al., 2021). Therefore, in this research, steam explosion
technology will be introduced to modify RBIDF and improve functional
properties.

The objective of this study is to study the adsorption and desorption
behaviors of flavor molecules into RBIDF in order to evaluate the impact
of the modification on the ability of RBIDF to retain the flavor com-
pounds. Red date flavoring agent, which is widely used in foods such as
baking product, dairy product and snacks, was used as the absorbate in
this study. Brunauer-Emmett-Teller (BET) surface area analysis, scan-
ning electron microscopy (SEM), and Fourier transform infrared (FTIR)
spectroscopy, differential scanning calorimetry (DSC), adsorption ki-
netics and isotherms were used to study the adsorption characteristics
and mechanism of flavor molecules into RBIDF before and after the
modification. Additionally, the characteristics of controlled release of
flavor molecules from RBIDF was studied based on headspace solid-
phase microextraction coupled to gas chromatography-mass spectrom-
etry (HS-SPME/GC-MS) and electronic nose (E-nose). This study could
provide new insights for the modified preparation of dietary fiber as a
novel functional ingredient.

2. Materials and methods
2.1. Materials and chemicals

Fresh rice bran was provided by Jilin Nongfu Rice Industrial Co., Ltd.
(Jilin, China). Alcalase 2.4 L (2.4 AU/g) was purchased from Novo
Enzyme Co. (Bagsvaerd, Denmark). a-Amylase (20000Units/g) was
purchased from Pangbo Biological Engineering Co., Ltd. (Nanning,
China). Red date flavoring agent was purchased from Shanghai Yuwen
Flavor & Fragrance Technology Co., Ltd. (Shanghai, China). The internal
standard (2-methyl-3-heptanone) was purchase from McLean
Biochemical Technology Co., Ltd. (Shanghai, China). The authentic
standards for analysis, n-alkane standards (C;—Cas) were purchased from
J&K Scientific (Beijing, China). Other chemicals were analytical grade
and bought from Beijing Chemical Reagents Co. (Beijing, China).
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2.2. Preparation and steam explosion treatment of rice bran insoluble
dietary fiber

Rice bran was defatted using supercritical COy extraction method
(Nantong Huaan Supercritical Extraction Co., Ltd., Jiangsu, China) at 20
MPa, 40 °C for 2 h (Moreira et al., 2023). Insoluble dietary fiber was
extracted from the defatted rice bran by using enzymatic method ac-
cording to the described procedure (Li et al., 2020). Briefly, the defatted
rice bran was incubated with 1% a-amylase at 95 °C for 30 min for
removing starch. The mixture was centrifuged at 3800 rpm for 15 min to
remove hydrolysis products of starch. The residue was incubated with
1% Alcalase at 60 °C for 4 h for removing protein. After centrifugation,
the residue was washed by deionized water for three times. Finally, the
obtained RBIDF was dried at 50 °C for 2 days and storied at 25 °C for
further use.

Steam explosion treatment of RBIDF was performed using a steam
explosion apparatus (QBS-80, Hebi Zhengdao bioenergy Co., Ltd.,
China) according to our previous studies. Briefly, insoluble dietary fiber
of rice bran (400 g) was adjusted to a moisture content of 3% and treated
with steam explosion under a pressure of 2.5 MPa for 300 s. The reaction
system was terminated with a suddenly explosion by opening outlet ball
valve and spraying the sample into the reception chamber. Then the
steam exploded rice bran insoluble dietary fiber (SRBIDF) powders were
obtained, and the native RBIDF powders obtained with the same pro-
cedure without steam explosion treatment was performed as control.

2.3. Structural characterization of RBIDF

The adsorption related characteristics such as specific surface area,
pore volume and size were determined with Ny-adsorption/desorption
isotherms using an automated specific surface area analyzer
(ASAP2020M, Micromeritics Instruments, USA) at a temperature of
—196 °C. The N3 adsorption data were interpreted using the BET model
to calculate the specific surface area (SSA) (Brunauer et al., 1938). The
pore diameter (PD) and pore volume (PV) were automatically calculated
based on different adsorption models, such as Barrett Joyner Halenda
model and Density Functional Theory model (Barrett et al., 1951).

A scanning electron microscope (Pro, Phenom-Scientific,
Netherlands) was employed to analyze the microstructure of untreated
and modified rice bran insoluble dietary fiber. The micrographs of the
samples were obtained at an acceleration voltage of 5 kV. The FTIR
spectra was recorded in the wavenumber range of 4000 to 400 cm
with a resolution of 4 cm ™! using a Nicolet iS20 FTIR spectrophotometer
(Thermo Electron Corporation, USA) to investigate the effect of steam
explosion on functional groups of rice bran insoluble dietary fiber.
Thermal transitions characteristics of rice bran insoluble dietary fiber
samples were analyzed using a differential scanning calorimeter
(DSC25, TA Instruments, USA). Each sample (about 6 mg) was weighed
into a DSC aluminum pan, sealed and heated from 50 °C to 300 °C at a
rate of 10 °C/min with nitrogen as the protective gas (Li et al., 2017).
The enthalpy (AH) and peak temperatures (T,) were calculated from the
DSC curves using the Trios software version 2.0.

2.4. Flavor adsorption capacity of RBIDF under different pH values,
temperatures and with different particle sizes

Adsorbate solution containing 0.35 mg/mL red date flavoring agent
was prepared by dissolving 175 g red dated flavoring agent into 500 mL
of ethanolic solution (the water-to-ethanol volume ratio was 70:30).
Then 0.3 g of the absorbent (RBIDF) was taken in 10 mL of adsorbate
solution and the suspension was shaken at 120 rpm for 4 h in a constant
temperature shaker. The adsorbate solution was separated from adsor-
bent particles by passing through a 0.45 pm filter. The residual amount
of red date flavoring agent in the filtrate after adsorption was quanti-
tatively determined using a TV-1901 spectrophotometer (Beijing Puxi
General Instrument Co., Ltd., Beijing, China) at the wavelength of 215
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nm. The amount of red date flavoring agent adsorbed on RBIDF or the
adsorption capacity was calculated using Eq. (1):

gl 6

m

where Q is the amount of red date flavoring agent adsorbed onto RBIDF
in milligram per gram (mg/g), c¢; and c; are the initial and equilibrium
concentrations of red date flavoring agent (mg/L), v is the volume of red
date flavoring agent solution (L), and m is the amount of adsorbent (g)
(Ali et al., 2022).

Batch experiments were performed to investigate the adsorption
capacity of red date flavoring agent by RBIDF at various temperatures,
pH values and with different particle sized absorbents. In this experi-
ment, the particle size of absorbents was 40, 60, 80, 100, 120 and 140
mesh, the pH of the suspension was 2, 3, 4, 5, 6, 7, 8 and 9, and the
temperature of the adsorption process was 25 °C, 35 °C, 45 °C, 55 °C and
65 °C.

2.5. Kinetics of flavor adsorption on RBIDF

To investigate the adsorption kinetics of red date flavoring agent on
RBIDF, the RBIDF samples (absorbent) were passed through a 100 mesh
sieve. Then 0.3 g of RBIDF was taken in 10 mL of 0.35 mg/mL red date
flavoring agent solution and the pH of the suspension was adjusted to 5.
The samples were shaken in a shaker at 120 rpm and 35 °C for 0.5, 1.0,
1.5, 2.0, 2.5, 3.0, 4.0, 6.0 and 8.0 h. After incubation for different time,
the absorbent particles were separated from adsorbate solution with
filtration. Then the filtrate was collected for the measurement of the
residual amount of red date flavoring agent for the specific time interval.
The kinetic data of red date flavoring agent adsorption onto RBIDF was
analyzed by fitting with the pseudo-first-order kinetic and pseudo-
second-order models. The pseudo-first-order kinetic model is given by
Eq. (2):

In(Q. — Q) =InQ. — k )

where Q; and Q. are the amounts of red date flavoring agent adsorbed at
time t, and at equilibrium respectively for per mass of RBIDF (mg/g), tis
the adsorption time (h), k; is the rate constant of pseudo first-order
adsorption (h™1. The values of Q. and k7 can be calculated from the
linear plot of In(Q.-Qp) vs t.

The pseudo-second-order model is given by Eq. (3):

t ot 1
4 3
Qt Qe k2 Qz
where k; is the rate constant of pseudo-second-order adsorption (g/
(mg-h)). The values Q. and k5 can be calculated from the linear plot of t/
Q; vs t (Hu et al., 2022).

2.6. Isotherms of flavor adsorption onto RBIDF

To examine the affinity of red date flavoring agent toward the RBIDF
adsorbents, the adsorption isotherm experiment was performed. 0.3 g of
RBIDF sample with 100 mesh size was added into 10 mL adsorbate so-
lution with different concentrations (50-650 mg/L), and incubated at
35 °C for 4 h. The adsorption equilibrium data of red date flavoring
agent onto RBIDF samples were used to fit with the Freundlich and
Langmuir isotherm models. The Freundlich isotherm model can be
expressed by the following equation:

InQ, =InK; + llnCe (€))
T n

where Q, is the amount of red date flavoring agent adsorbed at equi-
librium for per mass of RBIDF (mg/g), C, is the equilibrium concentra-
tion of red date flavoring agent in the solution (mg/L), Ky is the
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Freundlich nonlinear coefficient related to the adsorption capacity
((mg/g)/(L/mg)l/ ™, n is the Freundlich constant related to the
adsorption intensity. The n and Ky values can be determined from the
linear plot of InQ, vs InC,.

The Langmuir isotherm model can be expressed by the following
equation:

C. C 1
Qe Qmax KL Qnmx

(5)

where Qnax is the Langmuir constant indicating the maximum mono-
layer adsorption capacity of absorbent (mg/g). K; is the Langmuir
constant related to the free energy of adsorption (L/mg). The values of
Qmax and Kj, can be calculated from the linear plot of C./Q. vs C, (Wang
et al., 2022).

2.7. Flavor release behavior from RBIDF

When the adsorption of red date flavoring agent had reached equi-
librium, desorption experiments were performed to investigate the
release behavior of flavor from RBIDF and SRBIDF absorbents. RBIDF
and SRBIDF samples obtained from the flavor adsorption experiments
(0.6 g) were placed into a 20 mL open headspace vials and incubated in a
water bath at 25 °C for 0, 7, 14, 21 and 28 days respectively. After the
incubation, the samples were cooled in an ice bath, sealed tightly and
used for HS-SPME/GC-MS analysis.

2.7.1. Analysis of flavor by HS-SPME/GC-MS

The headspace flavor compounds desorbed from RBIDF and S-RSIDF
were sampled by means of solid-phase microextraction (SPME) (Xiao
et al., 2022). The SPME fiber needle (DVB/CAR/PDMS, 50/30 pm) was
exposed to the headspace of 0.6 g of each sample for 30min at 50 °C.
After absorption, the SPME fiber needle was injected into the gas
chromatography (GC) inlet (240 °C) to desorb for 4 min. The volatile
compounds were separated using a HP-INNOWax capillary column (30
m x 0.25 mm x 0.25 pm). The temperature gradient of GC oven was set
as follows: initial temperature 40 °C maintained for 4 min, increased at
5 °C/min to 150 °C, then increased to 230 °C at 10 °C/min, and the final
temperature was held for 10 min. The helium flow rate was set as 1.0
mL/min and the injection mode was split (5:1). The injector tempera-
ture, ion source temperature and transfer line temperature were 240 °C,
250 °C and 240 °C, respectively. The mass spectrometer was operated in
a mass scan range of 35-500 amu.

Flavor compounds desorbed from the absorbents were qualitatively
determined by comparing their retention time and mass spectra with
those of the available authentic standards. Flavor compounds without
authentic standards were tentatively identified by matching their mass
spectra with the data in the NIST MS Search 2.3 database and by
comparing their retention indices (RIs) with the literature values. The RI
values were determined by running the standard n-alkanes (C;—Cgs)
under the above chromatographic conditions (Zheng et al., 2023). The
contents of flavor compounds were determined based on the
semi-quantitative method using 2-methyl-3-heptanone (81.6 pg/mL in
methanol) as an internal standard, according to previously reported
methods (Xia et al., 2017).

Odor activity value (OAV) is the ratio of concentration of each flavor
compound to the odor threshold value of the flavor compound from
literature. It can be used to assess the contribution of each volatile
compounds to the overall flavor of samples. The flavor compound with
an OAV>1 is considered significant for the odor characteristic (Zhao
et al., 2021).

2.7.2. Analysis of flavor by E-nose

E-nose analysis was conducted according to a previous study with
minor modification (Fan et al., 2023). A portable electronic nose (PEN 3
Airsence, Schwerin, Germany) was equipped with ten metal oxide
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Fig. 1. N, adsorption-desorption isotherms of RBIDF (a) and SRBIDF (b).
Table 1 ketones, alcohols), W2W (sulphur organic compounds, aromatic com-
able

Pore parameters derived from N, adsorption data of RBIDF and SRBIDF.

Sample SSA (m%/g) PD (nm) PV x 1073 (cm®/g)
RBIDF 0.63 + 0.02° 5.94 + 0.03% 1.13 + 0.32%
S-RBIDF 1.86 + 0.04° 5.38 + 0.02" 3.62 + 0.41°

Mean values with different superscripts (a, b) within the same column indicate a
significant difference (p < 0.05).

semiconductor sensors, including W1C (aromatic compounds, ben-
zenes), W5S (nitrogen oxides), W3C (aromatic compounds, ammonia),
W6S (hydrides), W5C (short-chain alkanes, aromatic components), W1S
(methyl compounds, methane), W1W (sulfides), W2S (aldehydes,

pounds), W3S (long-chain alkanes). The flavor compounds were
extracted from 0.6 g of each sample in a 20 mL headspace vial at 25 °C
for 30 min. Subsequently, the headspace gas of the sample was pumped
into the sensor chamber at a flow rate of 400 mL/min. The data acqui-
sition time was 60 s and the clean time was 80 s. The sensor data were
processed with the software WinMuster PEN 3.5.

2.8. Statistical analysis

All the above measurement experiments were repeated at least three
times to acquire mean values and standard deviations, and data were
expressed as the mean + standard deviation. The significance of

Fig. 2. SEM images of RBIDF under magnifications of 500 (al) and 3000 x (a2) and SEM images of SRBIDF under magnifications of 500x (b1) and 3000 x (b2).
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Fig. 3. FT-IR spectra of rice bran insoluble dietary fiber before and after steam
explosion treatment.

difference (p < 0.05) was analyzed by one-way ANOVA using SPSS 22.0
software. Multiple variable analyses including heatmap analysis of HS-
SPME/GC-MS results and principal component analysis (PCA) of E-
nose data were conducted using the OriginPro software.

3. Results and discussion

3.1. Changes in the specific area and pore structure of RBIDF before and
after steam explosion

The N, adsorption/desorption isothermal curves of RBIDF and
SRBIDF were shown in Fig. 1. Based on the classification method pro-
posed by International Union of Pure and Applied Chemistry (IPUAC),
the adsorption isothermal curve of SRBIDF belonged to type II, showing
a convex upward curve shape at low P/P, stage, followed by a sharp
upward data trend at high P/Pj stage, which inferred that the adsorption
pores of SRBIDF were mainly distributed in mesopores (Tong et al.,
2022). It can be seen from the figure that the N, adsorption amount on
RBIDF was markedly lower than that on SRBIDF in the P/Pj range 0-0.8.
This was likely due to the penetration difficulties of N5 into the structure
of RBIDF. The swelling and unfold characteristics of SRBIDF might
facilitate the penetration of Ny into its structure (Chu et al., 2018).

The hysteresis loop between the adsorption and desorption isotherms
can be used for distinguishing the pore shape of the samples (Li et al.,
2019). According to classification of IPUAC, the shapes of hysteresis
loops of SRBIDF and RBIDF belonged to Type H3, where their desorption
curves were almost coincident with the adsorption curves. This indi-
cated that the mesopores of these samples mainly contained slit-like and
cylinder pores with good openness (Tong et al., 2022).

[ IRBIDF

[ IRBIDF
I SRBIDY i

I sRBIDF

N
) =

8

b3

Amount of absorbed red date flavoring agent (mg/g

Amount of absorbed red date flavoring agent (mg/s

40 60 80 100 120 140

Particle size (mesh)
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The porosity parameters of RBIDF and SRBIDF obtained from N
adsorption isothermal curves were shown in Table 1. The estimated SSA
and PV of SRBIDF increased by 2.96 times and 3.28 times respectively in
comparison with those of RBIDF, which was attributed to that new pores
were generated or previously inaccessible pores were opened during
steam explosion treatment (Yi et al., 2020). In addition, the PD of
SRBIDF decreased by 1.1 times in comparison with that of RBIDF. Pre-
vious studies revealed that rice bran had a well-organized structure and
readily formed small pores during pyrolysis (Chen et al., 2019). The
results indicated that steam explosion treatment also had a positive ef-
fect on the pore structure of RBIDF because of the higher SSA and PV
values in SRBIDF.

3.2. Structural change of RBIDF before and after steam explosion

The internal structures of RBIDF and SRBIDF were observed by SEM.
As shown in Fig. 2, the morphology of RBIDF prior to steam explosion
exhibited compact structure with folds. After the steam explosion
treatment, the morphology of SRBIDF became loosened, swelling and
less folding, the interior fiber was exposed and the increase in surface
area and pores was also apparent in the microstructure. These results
were consistent with the study of He et al. reporting that steam explosion
significantly increased surface area and porosity of the biomass (He
et al., 2019). Thus more active sites were exposed during steam explo-
sion, which could improve the adsorption ability of SRBIDF.

FTIR spectra analysis was performed to corroborate chemical
changes that happened during the steam explosion. As shown in Fig. 3,
all the samples exhibited absorption bands at around 3340, 2926, 2856,
1734, 1659, 1375, 1245, 1160 and 1040 cm™ . The shape and position
of the typical peaks of SRBIDF were similar to those of the RBIDF, which
indicated that the steam explosion treatment did not change the variety
of functional groups of RBIDF, but the intensity of several main peaks
changed. Absorption peak at around 3340 cm ™ signified ~OH stretching
vibration in the hydrogen bonds in hemicellulose and cellulose (Liu
et al., 2021). The small peaks at 2926 cm ! and 2856 cm ™! were asso-
ciated with the methylene (-CHy) stretching vibrations peaks in sugar
ring or branched chain structure (Lv et al., 2019), indicating —-CH
structure. The peak at around 1734 cm™! was associated with the
stretching vibration of C=0 group and the peak at around 1659 cm™!
was associated with the stretching vibrations of C=C and C-O groups,
which indicated the existence of carboxyl group in RBIDF (Zhang et al.,
2023). The adsorption peak at 1375 cm ! was associated with the
bending vibration of —-CH in methyl group (Liu et al., 2021). The weak
absorption peak at 1245 cm ! belonged to the stretching vibration of
C-O group, while the absorption peaks at 1160 and 1040 em™? assigned
to the stretching vibrations of C-O in glycosidic bond C-O-C and C-O-H
on the sugar rings of hemicellulose and cellulose, respectively (Niu et al.,
2023). It can be seen from the figure that the peak intensities of some
reactive groups (such as hydroxyl bond, carbonyl, ester and ether
groups) of SRBIDF were higher than those of RBIDF. This might be due
to the fact that steam explosion treatment caused the structure of

)

[ IRBIDF
B sRBIDF g

Amount of absorbed red date flavoring agent (mg/g)

20 25 30 35 40 45 S0 S5 60 65 70

pH value Adsorption temperature ('C)

Fig. 4. Adsorption capacity of red date flavoring agent by RBIDF and SRBIDF with different particle sizes (a), at different pH values (b) and temperatures (c).

Different letters (a—i) indicated significant difference (p < 0.05).
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Fig. 5. Adsorption kinetics of red date flavoring agent on RBIDF and SRBIDF.

cellulose to loosen, causing more free functional groups to become
exposed, which aided in the adsorption and retention of flavor com-
pounds on RBIDF.

3.3. Flavor adsorption property of RBIDF before and after steam
explosion

3.3.1. Effect of different factors on flavor adsorption onto RBIDF

The adsorption experiments of red date flavoring agent by RBIDF and
SRBIDF were carried out as a function of pH, temperature and adsorbent
particle size. As shown in Fig. 4a, the adsorption capacity of red date
flavoring agent by RBIDF and SRBIDF increased with the decrease in the
adsorbent particle size, and reached the largest level when the adsorbent
particle size was 100 mesh. This might be attributed to the fact that with
the decrease in absorbent particle size, the surface area of absorbent
expanded and more adsorption active sites were present on the absor-
bent surface (Yi et al., 2020). In addition, the adsorption capacity per
gram was found to close to the equilibrium state when the absorbent
particle size exceeded 100 mesh. The reason might be that smaller
particle size reduced the permeability of the absorbent, thus increasing
the flow resistance through the voids (Zhou et al., 2023).

The adsorption capacity of red date flavoring agent by RBIDF and
SRBIDF at different pH value was shown in Fig. 4b. The adsorption ca-
pacity increased as the pH value increased from 2 to 5, exhibited
maximum value at pH = 5, and then gradually decreased at the pH
higher than 5. The solution pH can affect the surface property of
adsorbent as well as adsorbate which in turn will affect the adsorption
capacity (Bayrac et al., 2022). According to above testing results, at pH
higher than 5, the dominance of OH" ions in the solution repelled the
contact between the adsorbent and adsorbate, or create a competition
between adsorbent surface and OH™ ions (Yadav and Dasgupta, 2022),
which diminished adsorption of red date flavoring agent onto the
absorbent.

Temperature is also an important factor that may affect adsorption of
red date flavoring agent by affecting molecular interactions with solid
particles (Wang et al., 2022). The adsorption capacity of red date
flavoring agent by RBIDF and SRBIDF at different temperature was
shown in Fig. 4c. It can be seen that the adsorption capacity of red date
flavoring agent increased as the temperature increased up to 35 °C,
which might be due to the possibility of increase in the rate and mobility
of diffusion of red date flavoring agent into the interlayer space of ab-
sorbents (Zhou et al., 2023). The observed decrease in the adsorption of
red date flavoring agent at further high temperature was probably due to

Current Research in Food Science 7 (2023) 100550

Table 2

Fitted parameters and correlation coefficients (R?) of pseudo first order and
pseudo second order models on the adsorption of red date flavoring agent by
RBIDF and SRBIDF.

Models Parameters Samples
RBIDF SRBIDF
Experimental Q. (mg/ 28.07 + 0.53% 35.12 + 0.62°
g)
Pseudo-first-order Calculated k; (min~%) 0.85 + 0.02? 1.12 + 0.05"
Calculated Q. (mg/g) ~ 27.48 + 0.49" 33.67 + 0.55°
R? 0.9817 0.9830
Pseudo-second- Calculated ko (g/ 0.0379 + 0.0415 +
order (mg-h)) 0.0008? 0.0012°
Calculated Q. (mg/g) 28.64 + 0.51% 36.46 + 0.95"
R? 0.9914 0.9972

Mean values with different superscripts (a, b) in the same row differ significantly
(p < 0.05).

the decrease in bonding affinity between the adsorbate and the active
sites on the surface of adsorbents (Yadav and Dasgupta, 2022). Based on
the results it seems that the maximum adsorption capacities of red date
flavoring agent onto RBIDF and SRBIDF were obtained at pH 5, tem-
perature 35 °C and absorbent particle size 100 mesh.

3.3.2. Adsorption kinetics

To examine the adsorption kinetics of red date flavoring agent on
RBIDF and SRBIDF, pseudo-first-order and pseudo-second-order models
were applied to fit the adsorption experimental curves. The fitting re-
sults were shown in Fig. 5. It can be observed that the adsorption amount
of red date flavoring agent onto RBIDF and SRBIDF increased rapidly in
the initial stage, and then the adsorption slowed down at about 4 h. This
can be due to a large number of vacant binding sites present on the
adsorbent surface at the early stage. When these adsorption sites avail-
able were occupied, no more adsorption reaction happened (Chen et al.,
2021). The adsorption kinetics parameters calculated from the two
models are listed in Table 2. It can be observed that the correlation
coefficients of pseudo-second-order model (R2 = 0.9972 and 0.9914)
were higher than those of the pseudo-first-order model (R? = 0.9830 and
0.9817), and the calculated Q. values from pseudo-second-order model
were closer to the experimental Q. values compared to those from
pseudo-first order model, indicating that the adsorption experiment data
for RBIDF and SRBIDF were better fitted by the pseudo-second-order
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Fig. 6. Adsorption isotherms for the adsorption of red date flavoring agent onto
RBIDF and SRBIDF.
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Table 3
Fitted parameters and correlation coefficients (R?) of Langmuir and Freundlich
isotherm models on the adsorption of red date flavoring agent by RBIDF and
SRBIDF.

Models Parameters Samples
RBIDF SRBIDF
Langmuir model Qmax (Mg/g) 31.82 + 0.83* 38.45 + 0.94°
Ky, (L/mg) 0.0065 + 0.0089 +
0.0002° 0.0003°
R? 0.9872 0.9805
Freundlich K ((mg/g)/(L/mg)"/  2.32 + 0.07° 4.55 + 0.05"
model m
1/n 0.41 + 0.017 0.32 + 0.01°
R? 0.9231 0.9089

Mean values with different superscripts (a, b) in the same row differ significantly
(p < 0.05).

model. Pseudo-first-order model generally assumes that physical sorp-
tion is the rate-determine step, and the adsorption capacity is a pro-
portion to the number of unoccupied adsorption sites. While
pseudo-second-order kinetic model assumes that the adsorption in-
volves strong chemisorption (Chen et al., 2021). The results indicated
that the retention of red date flavoring agent on RBIDF and SRBIDF was
mainly driven by chemical interactions between the red date flavoring
agent and the surface functional groups (such as hydroxyl, carboxyl and
aldehyde groups) in the adsorbents. In addition, the correlation co-
efficients of pseudo-first-order model were higher than 0.95, so the
pseudo-first-order equation was also applicable to the adsorption pro-
cess. These observations indicated that the adsorption of red date
flavoring agent on RBIDF and SRBIDF involved both chemical and
physical adsorption processes, but the facilitation for chemisorption was
possibly more than for physisorption.

3.3.3. Adsorption isotherm

Adsorption isotherm analysis could give an insight into the adsorp-
tion mechanism of red date flavoring agent by RBIDF and SRBIDF and
the affinity of adsorbate towards adsorbents. Fig. 6 showed the iso-
therms of red date flavoring agent adsorbed on RBIDF and SRBIDF. The
adsorption capacities increased with the increase in the initial concen-
tration of red date flavoring agent. However, at higher initial concen-
tration, the adsorption capacities reached equilibrium as the number of
binding sites available on the surface of the absorbents decreased. The
fitted parameters and correlation coefficient values (R?) for Langmuir
and Freundlich isotherm models were shown in Table 3. The parameter
1/n reflected adsorption intensity, and the 1/n value in the range of
0.1-0.5 implied that adsorption of red date flavoring agent on the
adsorbent was favorable (Wu et al., 2021b). Besides, the 1/n value of
SRBIDF was lower than that of RBIDF, indicating that SRBIDF had
higher adsorption intensity and affinity for red date flavoring agent than
RBIDF (Khamwichit et al., 2022). In addition, it can be observed that the
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Table 4
Thermoanalytical data for RBIDF and SRBIDF before and after the adsorption of
red date flavoring agent.

Samples Tp1 (°C) AH; (J/g8) Tp2 (°C) AH, (J/g)

RBIDF before 94.86 + 125.45 + - -
adsorption 1.217 2.31%

SRBIDF before 109.43 + 187.63 + - -
adsorption 2.41° 1.94°

RBIDF after 108.26 + 106.78 + 175.35 + 78.74 +
adsorption 2.26° 1.65° 1.15% 1.342

SRBIDF after 107.15 + 106.24 + 175.76 + 85.55 +
adsorption 1.43° 2.17¢ 1.21° 2.02°

Mean values with different superscripts within the same column differ signifi-
cantly (p < 0.05). Tp: peak temperature corresponding to free or bound water
evaporation; Tpy: peak temperature corresponding to decomposition of red date
flavor essence; AH;: Enthalpy of bound water evaporation; AH,: Enthalpy of red
date flavoring agent decomposition; —: Not determined.

correlation coefficients of Langmuir model (R? = 0.9872 and 0.9805)
were higher than those of the Freundlich model (R2 = 0.9231 and
0.9089), indicating that the equilibrium adsorption of red date flavoring
agent on RBIDF and SRBIDF could be better described by Langmuir
model. The Langmuir isotherm is based on monolayer adsorption on a
homogeneous surface and it is considered that the active sites on the
adsorbent surface are equally probable for the adsorption (Yadav and
Dasgupta, 2022). The results indicated that red date flavoring agent can
be adsorbed in the form of monolayer and homogeneous adsorption on
the surface of the absorbents. The maximum adsorption capacity of red
date flavoring agent on RBIDF and SRBIDF determined by Langmuir
isotherm was found to be 31.32 and 38.45 mg/g, respectively.

3.3.4. The structure properties of RBIDF and SRBIDF after flavor
adsorption

The thermal transformation of RBIDF and SRBIDF before and after
adsorption the of red date flavoring agent was analyzed using DSC. The
DSC curve of pure red date flavoring agent showed endothermic peaks at
161.51 °C and 210.43 °C, respectively (Fig. 7). They were assigned to
the thermal decomposition and carbonization process of red date
flavoring agent, respectively (Rezaeinia et al., 2020). The DSC curves of
RBIDF and SRBIDF samples showed a broad endothermic peak at
90-110 °C, which could be attributed to loss of free or bound water
present in the insoluble dietary fiber (Ouyang et al., 2023b). The details
of thermal effect peak data including peak temperature (T,;) and
enthalpy of bound water evaporation (AH;) obtained from DSC de-
terminations were shown in Table 4. It can be seen that before adsorp-
tion of red date flavoring agent, SRBIDF had a higher AH; than RBIDF,
and the endothermic peak of SRBIDF shifted to a higher temperature
compared with RBIDF. These phenomena might be due to the fact that
steam explosion treatment increased the exposure of the functional
groups such as hydrogen bonds, leading to an increased content of
bound water. After the adsorption of red date flavoring agent, the DSC
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Fig. 8. SEM images of RBIDF (al, a2) and SRBIDF (b1, b2) at magnifications of x 2000 (al, bl) and x 5000 (a2, b2) after the adsorption of red date flavoring agent.

curves of RBIDF and SRBIDF showed a new endothermic peak at
175.35 °C and 175.76 °C respectively, which were attributed to the
thermal decomposition of red date flavoring agent in the absorbents. In
addition, the temperature of this peak (Tp2) of RBIDF and SRBIDF was
higher than the decomposition temperature of pure red date flavoring
agent (161.51 °C), indicating that these flavor compounds were retained
in RBIDF and SRBIDF absorbents above their decomposition tempera-
ture, implying an improvement in their thermal stability, this result was
consistent with the work of Ishii et al. (2006) for the flavor adsorption of
clay mineral. The endothermic enthalpy of red date flavoring agent
decomposition (AH;) was shown in Table 1. SRBIDF had a higher AHy
value than RBIDF after the adsorption of red date flavoring agent,
indicating that the evaporation and decomposition of red date flavoring
agent absorbed in SRBIDF required relatively higher energetics. This
might be related to the ability of SRBIDF to retain the flavor compounds
(Ishii et al., 2006).

SEM was employed to observe the surface morphology of RBIDF and
SRBIDF absorbents before and after adsorption of red date flavoring
agent. It can be seen from Fig. 8 that after the adsorption of red date
flavoring agent, some black carbon-like particles were distributed uni-
formly on the holes and surface of the absorbents. Compared with
RBIDF, the amount of red date flavoring agent absorbed on the surface of
SRBIDF was relatively higher. The loose and large surface area charac-
teristics of SRBIDF were beneficial for binding flavor compounds
because of the exposure of more active sites.

3.4. Analysis of the flavor release characteristics from RBIDF before and
after steam explosion via HS-SPME GC/MS

3.4.1. Flavor characteristics of red date flavoring agent

The individual volatile profiles of red date flavoring agent were
summarized in Table 5. A total of 18 flavor compounds were identified
in red date flavoring agent, including 7 esters, 3 phenols, 3 ketones, 3
alcohols and 2 aldehydes. Specifically, it can be seen that the concen-
trations of the top ten volatile compounds were in the decreasing order
of ethyl maltol (2999.73 pg/kg), trans-cinnamaldehyde (1634.76 ng/
kg), benzyl butyrate (1291.39 pg/kg), citronellate acetate (556.55 pg/
kg), methylcyclopentanol ketone (509.39 pg/kg), f-damarone (386.76
ug/kg), ethanol (347.14 pg/kg), dimethyl phthalate (338.89 pg/kg),
benzyl alcohol (316.95 pg/kg), 2-hydroxypropyl acetate (94.33 ug/kg).
The contribution of volatile compounds to red date flavoring agent was
not only related to the concentration, but also to the threshold value.
The OAV value of each flavor component was calculated based on the
concentrations in Table 4. There were 10 flavor compounds with OAV
values higher than 1, indicated that they were the main key aroma
compounds in the sample. Among these aroma components, there were
two compounds with OAV values higher than 1000, including p-dam-
arone and S-lonone, which contributed to the fruity and floral flavor in
red date flavoring agent. Four compounds with OAV values ranging
from 10 to 1000, including ethyl acetate, benzyl alcohol, trans-
cinnamaldehyde and ethyl maltol, contributed to the flavor of fruity,
roasty and caramel. Four compounds with OAV values ranging from 1 to
10, including isoamyl isovalerate, methylcyclopentanol ketone, vanilla,
and engenol, contributed to the fruity, caramel and smoky odor.
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Table 5
The flavor compounds and their concentrations of red date flavoring agent identified by GC-MS.
No  Retention Molecular Calculated Literature Qualitative Volatile compound Odor description Concentration Odor OAV
time (min) formular RI RI method (pg/kg) threshold
(ng/kg)
1 2.82 C4HgO2 638 645 MS, RI, Std Ethyl acetate Fruity aroma 83.95 + 0.22 5 16.790
2 13.16 C10H2002 1104 1109 MS, RI, Std Isoamyl isovalerate Apple fragrance 23.58 + 0.16 3 7.860
3 20.74 CsH; 003 883 892 MS, RI 2-hydroxypropyl - 94.33 £ 0.17 - -
acetate
4 22.64 C12H2202 1354 1353 MS, RI, Std Citronellate acetate Herbal fragrance 556.55 + 0.26 1000 0.056
5 25.68 C14H260- 1483 - MS, RI, Std Citronellyl isobutyrate Rose aroma 34.9 £ 0.08 - -
6 27.18 C11H1402 1345 1355 MS, RI, Std Benzyl butyrate Light floral aroma 1291.39 + 0.19 - -
of jasmine
fragrance,
pineapple aroma
7 32.73 C10H1004 1454 1445 MS, RI Dimethyl phthalate Sweet aroma 338.89 + 0.08 - -
8 26.03 Ci13H200 1417 1429 MS, RI, Std p-damarone Honey aroma, 386.76 + 0.17 0.002 193380
floral aroma
9 26.50 CeHgO2 1034 1027 MS, RI Methylcyclopentanol Maple aroma, 509.39 + 0.09 300 1.698
ketone sweet caramel
aroma
10 28.24 C13H200 1491 1483 MS, RI, Std f- lonone Floral aroma of 73.58 + 0.18 0.007 10511
violet, fruity
aroma
11 3.5 CoHeO, 427 442 MS, RI, Std Ethanol Alcohol fragrance 347.14 £+ 0.20 100000 0.003
12 25.07 C10H200 1228 1226 MS, RI, Std Citronellol Rose aroma, sweet 7.55 + 0.21 40 0.180
aroma
13 27.40 C;HgO 1036 1031 MS, RI, Std Benzyl alcohol Sweet aroma, 316.95 £+ 0.07 20 15.847
roasted aroma
14 19.36 C7HsO 962 957 MS, RL Benzaldehyde Almond fragrance 17.92 + 0.25 350 0.051
15 29.81 CgoHgO 1274 1266 MS, RI, Std Trans- Cinnamon 1634.76 + 0.43 53 30.844
cinnamaldehyde fragrance, light
fruity aroma,
16 28.79 CeHeO3 1110 1115 MS, RL Methyl maltol Sweet caramel 78.29 £ 0.11 35000 0.002
aroma
17 29.51 C,HgO3 1199 1212 MS, RI, Std Ethyl maltol Caramel aroma 2999.73 + 0.12 44 68.175
18 31.35 C10H1202 1357 1354 MS, RI, Std Eugenol Smoky fragrance, 11.32 £ 0.18 7.1 1.594

smoked meat
aroma

Literature RI values were from NIST MS Search 2.3 database.

Qualitative method: Std, confirmed by authentic standards; MS, mass spectrum comparison; RI, agreed with the published retention indices.

Odor thresholds in water/air were obtained from literature (Van Gemert, 2011).

Odor descriptions were obtained from literatures (Niu et al., 2021; Pino and Mesa, 2006; Song et al., 2020; Sun and Chen, 2017; Sun et al., 2000; Xu et al., 2019).

—: No information was found in the literature.

3.4.2. Controlled release of flavor compounds from RBIDF and SRBIDF
during storage

The individual volatile profiles of RBIDF and SRBIDF after flavor
adsorption were listed in Table 6. A total of 21 flavor compounds were
detected from the headspace volatiles of RBIDF and SRBIDF, among
which 10 flavor substances of red date flavoring agent were detected in
RBIDF, while 13 were detected in SRBIDF. These red date flavor sub-
stances included benzaldehyde, benzyl alcohol, trans-cinnamaldehyde,
citronellol, methyl maltol, ethyl maltol, engenol, f-damarone, methyl-
cyclopentanol ketone, -lonone, benzyl butyrate, dimethyl phthalate, 2-
hydroxypropyl acetate. The rest of the flavor substances are considered
as endogenous to rice bran, and they had no significant effect the overall
flavor profile due to their low concentrations. Among the aldehydes
identified, trans-cinnamaldehyde showed the highest concentration in
RBIDF and SRBIDF samples. The concentration of trans-cinnamaldehyde
decreased from 9.19 pg/kg to 1.08 ug/kg in RBIDF after 28 days of
storage, while in SRBIDF, this value decreased from 14.96 pg/kg to 4.42
pg/kg. Among the alcohols identified, the concentration of benzyl
alcohol was the highest, which decreased from 17.43 pg/kg to 1.08 pg/
kg in RBIDF sample after 28 days, while in SRBIDF, the concentration of
benzyl alcohol decreased from 23.77 pg/kg to 6.84 pg/kg. Among the
phenols, the concentration of ethyl maltol was the highest, which
decreased from 31.04 pg/kg to 2.07 pg/kg after 28 days, while in
SRBIDF, this value decreased from 83.09 pg/kg to17.04 pg/kg. Meth-
yleyclopentanol ketone, f-damascenon, benzyl butyrate and dimethyl
phthalate were the most abundant ketone and ester compounds in the

samples, and the concentrations of these substances were higher in
SRBIDF than those in RBIDF during storage. These results indicated that
the release amount of red date flavor compounds in SRBIDF was higher
than that in RBIDF during 28 days of storage, which might be due to the
higher retention ability and controlled release capacity of SRBIDF for the
flavor compounds. Results of conformation analysis showed that steam
explosion treatment significantly altered the degree of swelling and
unfolding, the specific surface area and the porosity of RBIDF (Table 1
and Fig. 2). The unfolding structure and increased surface area of
SRBIDF resulted in the exposure of more interior flavor bind sites. The
increase in the porosity and binding sites inhibited flavor molecules to
diffuse in the interlayer space, thus contributing to the retention and
sustained release of volatile compounds (Xu et al., 2022).

Fig. 9 was a clustering heatmap of the 13 red date flavor compounds
in RBIDF and SRBIDF at different storage time. The heatmap exhibited
the concentrations of the red date flavor compounds in each sample by
different colors. It can be seen that the concentrations of red date flavor
compounds in RBIDF and SRBIDF samples showed gradually decreasing
trend due to their release into the air during storage. The colors of the
heat map of SRBIDF sample between day 0 and day 14 were largely
white and red, indicating that most red date flavor compounds in the
samples were high in concentration. According to the cluster tree of
samples constructed on the upper side (Fig. 9), all the samples were
clustered into three clusters: The first cluster was composed of RBIDF
samples at day 0, day 7, day 14, day 21 and day 28 and SRBIDF samples
at day 21 and day 28. The second cluster was composed of SRBIDF
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Table 6
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Comparison of the released flavor compounds from RBIDF and SRBIDF during storage.

No  Qualitative Volatile compound Concentration (pg/kg)
method
RBIDF S-RBIDF
od 7d 14d 21d 28d od 7d 14d 21d 28d
Aldehydes 1 MS, RI Benzaldehyde x 295+ 255+ 246+ 166+ 132+ 315+ 214+ 254+ 207+ 1.37+
0.03° 0.07° 0.03° 0.03¢ 0.01¢ 0.08° 0.05° 0.07° 0.04° 0.06¢
2 MS, RI, Std Trans- 919+ 866+ 711+ 610+ 108+ 14.96 12.63 895+ 555+ 442+
cinnamaldehyde x 0.12° 0.08° 0.06° 0.07¢ 0.02° +0.02f  £0.03% 0.05" 0.14' 0.09
3 MS, RI (E)-2-hepteneal 025+ 018+ 012+ - - - 023+ 016+ 012+ -
0.03° 0.02° 0.02° 0.02° 0.01>¢  0.02¢
4 MS, RI, Std Nonanal 037+ 033+ 029+ 036+ 041+ 028+ 026+ 021+ 016+ 022+
0.06*®>  0.02>¢ 004>  0.02*>  0.01° 0.03%¢  0.02%¢ 0.02%f 0.01f 0.02%f
5 MS, RI, Std Decanal 034+ 031+ 025+ 024+ 019+ 029+ 027+ 023+ 017+ 012+
0.02° 0.02*®>  0.03%¢  0.01¢ 0.01° 0.02>¢  0.03>¢  0.02¢ 0.01¢ 0.01f
d
Alcohols 6 MS, RI, Std Citronellol - - - - - 0.61 + - - - -
0.04°
7 MS, RI, Std Benzyl alcohol x 17.43 17.02 16.52 148+  3.02+ 2377 22.73 18.88 13.37 6.84 +
+0.22°  £0.15° +0.15° 0.06¢ 0.06° +0.11f  +013¢ +o0.08" +o011' o011
8 MS, RI, Std 2-ethylhexanol 033+ 028+ 017+ 024+ 029+ 036+ 021+ 013+ 014+ 028+
0.02*®>  0.03>¢  0.02° 0.03%¢  0.02>¢  0.03° 0.02¢ 0.01¢ 0.02¢ 0.025¢
9 MS, RI, Std N-octanol 022+ 015+ 018+ 021+ 019+ 021+ 011+ 008+ 013+ 018+
0.02° 0.01>  0.01*®  0.02* 0.03° 0.02° 0.01¢ 0.01° 0.01%¢  0.02%°
Phenols 10  MS,RI Methyl maltol x 049+ 057+ 045+ 034+ - 1224+ 14+ 0.9 + 057+ 033+
0.07*®*  0.05° 0.04° 0.01° 0.02¢ 0.06° 0.08° 0.02? 0.05¢
11 MS, R, Std Ethyl maltol x 31.85 31.04 27.82 14.73 2,07+  83.09 78.87 60.83 34.50 17.04
+0.14* +£012° +015° +0119 013° +0.21"  +£0178 +014" +0220 +015
12 MS, R, Std Engenol % - - - - - 0.7 + 047+ 036+ - -
0.03? 0.02° 0.04¢
13 MS, RI, Std 2,6-di-tert-butyl-4- 027+ 020+ 016+ 013+ - 036+ 029+ 026+ 018+ 016+
methylphenol 0.02° 0.03° 0.01>¢  0.01¢ 0.03¢ 0.02° 0.01° 0.02° 0.01>¢
Ketones 14 MS, RI, Std p-damarone % 1.16 + 1.08 + 0.92 + 0.77 + 0.33 + 1.88 + 1.26 + 1.20 + 0.85 + 0.72 £
0.08**  0.03° 0.02¢ 0.02%¢  o0.01f 0.068 0.05° 0.03? 0.07%¢  0.08°
15 MS, RI Methylcyclopentanol 6.72 + 6.54 + 6.44 + 5.84 + 0.65 + 15.85 15.73 9.9 + 8.29 + 2.38 +
ketone % 0.07° 0.09° 0.04° 0.03° 0.02¢ +0.14°  £0.09° 0.07° 0.058 0.12"
16  MS, RI, Std p-lonone x 053+ 057+ 042+ 057+ 011+ 165+ 113+ 079+ 052+ 036+
0.05° 0.04° 0.02° 0.02° 0.01° 0.054 0.02¢ 0.06° 0.04° 0.04°
Esters 17 MS, R, Std Benzyl butyrate x 1424+ 121+ 1.24+ 220+ 136+ 232+ 161+ 155+ 083+ 104+
0.05° 0.09° 0.05° 0.03° 0.02° 0.03¢ 0.01° 0.13¢ 0.03f 0.05%
18  MS,RI Dimethyl phthalate % 191+ 113+ 153+ 107+ 056+ 249+ 216+ 191+ 072+  0.82+
0.08° 0.03" 0.06° 0.02° 0.02¢ 0.06° 0.08° 0.02° 0.038 0.07"
19 MS, RI 2-hydroxypropyl - - - - - 3.14 + 1.74 + - - -
acetate X 0.34° 0.26°
20  MS, RI, Std Methyl propionate 038+ - 023+ 029+ - 022+ 025+ 016+ 014+  0.09+
0.03? 0.03° 0.02¢ 0.03° 0.02>  0.02¢ 0.01¢ 0.02¢
Furans 21  MS,RI 2-pentylfuran 015+ 022+ 026+ 028+ 031+ 014+ 017+ 023+ 026+ 025+
0.01° 0.02° 0.04>¢  0.01>  0.03° 0.02° 0.02° 0.03° 0.02>¢  0.03"¢

Mean values with different superscripts (a-j) in the same row differs significantly (p < 0.05).

—: not determined.
% volatiles derived from the red date flavor essence.

Qualitative method: Std, confirmed by authentic standards; MS, mass spetrum comparison; RI, agreed with the published retention indices.

samples at day 7 and day 14. The SRBIDF sample at day 0 was counted as
the third cluster. Results of the cluster analysis showed that the con-
centrations of red date flavor compounds of SRBIDF at day 0, day 7 and
day 14 were significantly different from those of RBIDF, indicating that
the flavor compounds were retained at higher concentrations in SRBIDF
than in RBIDF during storage. This might be due to the fact that SRBIDF
had a higher sustained flavor release ability compared to RBIDF. As the
storage proceeded, the release rate of SRBIDF gradually decreased. It can
be observed that the RBIDF and SRBIDF samples at day 28 were clus-
tered into the same cluster (Fig. 9).

Fig. 10 reflected the differences of concentrations and varieties of red
date flavor compounds in RBIDF and SRBIDF samples at different stor-
age time. Phenols and alcohols were the two dominant red date flavor
compounds in RBIDF and SRBIDF, accounting for more than 50% and
15% of the total red date flavor compounds in the samples, respectively.
The contents of phenols and alcohols of SRBIDF were enhanced by 1.6
fold and 0.4 fold in comparison with those of RBIDF respectively.
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Aldehydes, ketones and esters accounted for more than 10%, 11% and
4% of the total red date flavor compounds in the samples respectively,
and it can be observed thatthe contents of aldehydes, ketones and esters
in SRBIDF were enhanced by 1.5 fold, 0.6 fold and 2.1 fold respectively,
in comparison with those in RBIDF. Besides, the number of phenol,
alcohol and ester compounds in SRBIDF were higher than those in RBIDF
during storage. Eugenol, 2-hydroxypropyl acetate and citronellol that
were not detected in RBIDF were detected SRBIDF. Phenols and alcohols
contained hydroxyl and phenolic hydroxyl groups, and they could bind
to the rice bran dietary fiber via intermolecular hydrogen bonding in-
teractions. Aldehydes, ketones and esters compounds could bind to the
dietary fiber via hydrophobic interactions (Ullah et al., 2023). Results
indicated that the swelling and unfolding of SRBIDF after steam explo-
sion treatment resulted in the exposure of more hydrophilic and hy-
drophobic functional groups (such as hydroxyl groups, carbonyl, ester
and ether groups, etc.), which could form more intermolecular in-
teractions and thus improve the retention and controlled release
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capacities of SRBIDF for these flavor compounds. In addition, results
showed that the SRBIDF sample had a higher retention capacity for polar
volatile compounds (such as alcohols and phenols) than for non-polar
volatile compounds (such as aldehydes, ketones and esters), indicating
higher content of hydrophilic groups on the surface of SRBIDF after
steam explosion treatment.

3.5. Analysis of the flavor release characteristics from RBIDF via E-nose

The E-nose, similar to the human nose, was used to evaluate the
overall flavor of RBIDF and SRBIDF samples during different storage
time. Fig. 11 showed the radar chart of the ten E-nose sensor response
signals of RBIDF and SRBIDF samples. Before adsorption of red date
flavoring agent, the response values of ten sensors of RBIDF and SRBIDF
samples were low, indicating that the endogenous flavor of RBIDF and
SRBIDF was weak and did not have a significant effect on the overall
odor profile. After adsorption of red date flavoring agent, the flavor
components of RBIDF and SRBIDF samples at different storage time had
approximately the same response type to the sensors, indicating similar
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flavor compositions, but there were differences in the response values
corresponding to each sensor, especially on the sensors W1W, W5S,
W2W, W1S and W2S, which indicated the differences in the flavor
compounds of these samples. It can be seen in Fig. 11 that the response
values of W1W, W5S, W2W, W1S, W2S of RBIDF and SRBIDF samples
showed gradually decreasing trend with the extension of storage time.
However, the decreasing degree of sensor responses of W1W, W5S,
W2W, W1S, W2S in SRBIDF samples were lower compared to those in
RBIDF samples, this might be due to the enhanced controlled release
effect resulted from the steam explosion treatment.

PCA analysis of E-nose data was performed in order to further
analyze the flavor difference of RBIDF and SRBIDF samples at different
storge time. The two-dimensional and three-dimensional PCA of the E-
nose data of RBIDF and SRBIDF samples were presented in Fig. 12. PC1,
PC2 and PC3 explained 95.4% of the total variance, which indicated that
the extracted principal component factors could reflect the overall
characteristics of flavor compounds of the samples. Before flavor
adsorption, RBIDF and SRBIDF occupied a relatively independent space
in the principal component space and they were separate from the
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Fig. 11. Radar chart of the e-nose sensor response signals of RBIDF and SRBIDF
samples. R-blank and SR-blank represented the RBIDF and SRBIDF samples
before flavor adsorption.

samples after flavor adsorption, which indicated the differences in flavor
compounds before and after the adsorption of red date flavoring agent.
Sample points of SRBIDF at day 0 were located in the positive region of
PC1, PC2 and PC3 axes. As storage proceeded, the SRBIDF samples at
day 7, day 14, day 21 and day 28 were far away from the sample at day
0. Similar variation was observed in RBIDF samples. In addition, sample
points of SRBIDF at day 0, day 7 and day 14 were far away from those of
RBIDF samples at day 0, day 7 and day 14 along PC 1 and PC 3 axes,
indicating significant differences in the overall flavor characteristics of
RBIDF and SRBIDF during 14 days of storage. However, as storage
proceeded, sample points of SRBIDF at day 21 and day 28 were closer to
those of SRBIDF at day 21 and day 28. These results were consistent with
those from cluster analysis of the GC-MS data, further indicating that the
differences in flavor release characteristics between RBIDF and SRBIDF
samples could be effectively identified by E-nose.

4. Conclusion

The flavor compounds adsorption and controlled release perfor-
mances of rice bran insoluble dietary fiber modified by steam explosion
method were investigated in current study. We found that after steam
explosion treatment SRBIDF had a loosened and unfolding inner struc-
ture and increased pore structure, and the SSA and PV of SRBIDF
increased by 2.96 and 3.28 times respectively compared with those of
RBIDF. The pore structure of SRBIDF was mainly slit-like and cylinder
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pores with porosity mainly in the mesopore range. In addition, result of
FTIR spectra showed that the steam explosion treatment caused the
exposure of more functional groups of RBIDF, which were beneficial for
the flavor-binding ability. The mechanism of adsorption of SRBIDF to
flavor compounds was preliminarily explored using adsorption kinetics
and isotherms combined with SEM and DSC analysis. The Langmuir
isotherm model and pseudo-second-order kinetic model yielded the best
fit to the adsorption data, indicating monolayer adsorption of flavor
onto SRBIDF, and the adsorption was mainly driven by chemisorption
process. SEM and DSC analyses further proved that the flavor com-
pounds were successfully adsorbed and entrapped in the holes and
surface of SRBIDF. The adsorption resulted in an improvement of ther-
mal stability and reduction of volatility of flavor compounds, accounting
for the ability of SRBIDF to retain the flavor compounds. The flavor
release property of RBIDF was investigated by HS-SPME GC/MS and E-
nose, and the results showed that the release amount of flavor com-
pounds gradually decreased with the advancement of storage period.
After long-time storage, the flavor compounds were retained at a higher
concentration in SRBIDF than in RBIDF, indicating enhanced retention
and controlled release capacities of SRBIDF for the flavor compounds.
The increased porosity and exposure of more binding sites after steam
explosion treatment could improve the flavor adsorption ability and
flavor retention and sustained release properties from RBIDF. This study
provides indications for potential applications of steam explosion-
modified RBIDF as a flavor delivery system, which could be added
into foods like bakeries, meat or dairy products to enhance their sensory
attribute and solve dietary fiber deficiency in human diet. Moreover, it
greatly improves the utilization rate of rice bran in functional food.
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