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ABSTRACT: Organosolv fractionation is a promising approach
for the separation of lignocellulosic components in integrated
biorefineries where each component can be fully valorized into
valuable platform chemicals and biofuels. In this study, microwave-
accelerated organosolv fractionation was developed for the
modification of lignocellulosic fractionation of rice husk. The
fractionation condition was optimized for 1 h with the microwave
irradiation at 300 W using a ternary solvent mixture composed of
24%:32%:44% water/ethanol/methyl isobutyl ketone. The effects
of mineral acids (HCl, H3PO4, and H2SO4) and heterogeneous
acid promoters (HCl, H3PO4, and H2SO4 impregnated over
activated carbon) on the efficiency and selectivity of product yields (i.e., glucan, hemicellulose-derived products, and lignin) were
also investigated. It was found that the use of H3PO4−activated carbon as the promoter showed superior performance on the
fractionation of rice husk components, resulting in 88.8% recovery of cellulose, with 63.8% purity in the solid phase, whereas the
recovery of hemicellulose (66.4%) with the lowest formation of furan and 5-hydroxymethyl furfural and lignin (81.0%) without sugar
cross-contamination was obtained in the aqueous ethanol phase and organic phase, respectively. In addition, the morphology
structure of fractionated rice husk presented 2.6-fold higher surface area (5.4 m2/g) of cellulose-enriched fraction in comparison with
the native rice husk (2.1 m2/g), indicating the improvement of enzyme accessibility. Besides, the chemical changes of isolated lignin
were also investigated by Fourier-transform infrared spectroscopy. This work gives pieces of information into the efficiencies of the
microwave strategy as a climate neighborly elective fractionation method for this serious starting material in the biotreatment facility
business.

■ INTRODUCTION

Lignocellulose biomass is commonly recognized as a potential
renewable resource for the production of biofuels, raw
chemicals, materials, and energy in biorefineries.1,2 Compared
to the conventional fossil-based platform industry, biorefineries
represent a sustainable alternative because of the carbon-
neutral nature of the raw materials, which helps alleviate the
emission of greenhouse gases and at the same time provides
economic benefits by valorizing abundant underused local
agricultural byproducts. Lignocellulosic biomass is composed
mainly of three biopolymers: cellulose, hemicellulose, and
lignin. Cellulose is the principal component of plant cell walls,
which is a linear homopolysaccharide with an empirical
formula of (C6H10O5)n comprising (1→4)β-linked-D-glucan,
organized into highly crystalline microfibrial structures.3

Hemicellulose is a heterogeneous and highly branched
amorphous polysaccharide containing various pentoses,
hexoses, and sugar acids that act as a bridge between cellulose
microfibers and lignin. The three-dimensional polymer of
phenyl-propanoid groups, comprising p-coumaryl, coniferyl,
and sinapyl alcohols, shields the polysaccharides from external

physical, chemical, and biological attacks.4 This highly
organized and complex lignocellulose structure is highly
recalcitrant to enzymatic and microbial deconstruction. An
efficient pretreatment or fractionation step to increase its
digestibility while separating target lignocellulosic constituents
for subsequent chemical and bioconversion to target products
is thus a prerequisite to developing a feasible biorefinery
process.
Rice husk (RH) is a significant byproduct of the rice milling

process, taking up approximately 20% of the rice weight,5 with
an annual production of 20 million tons. Most of it is used as
animal feed or burned in power plants to produce heat and
electricity.6 The utilization of RH as a crude material in
biorefineries has pulled in research interest in, for instance,
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changing to bio-oils, such as phenols, phenol subsidiaries, and
long-chain aliphatic compounds.7 A few innovations depend-
ent on substance (corrosive, antacid, and oxidation),
thermochemical (steam blast, autohydrolysis, and organosolv),
and natural cycles have been created for the pretreatment and
fractionation of different agrarian squanders, with an
accentuation on item yield and selectivity.8 Among these,
organosolv is an adaptable cycle that can be applied
productively to a wide assortment of biomass structures,
including hardwood, softwood, and grass.9−11 Several advan-
tages of organosolv fractionation have been reported, including
its capability to reduce the viscosity of a medium, improve
penetration into a biomass, and facilitate highly efficient lignin
removal.12,13 However, the application of the organosolv
process for the pretreatment and fractionation of RH has been

limited, with only a few studies using different solvent systems,
including ethanol and ionic liquids.14,15

The clean fraction (CF) method has been identified as an
efficient one-step separation technology for the three major
lignocellulosic components13 In the CF process, the biomass is
treated with a ternary solvent mixture comprising water, a
short-chain alcohol, and methyl isobutyl ketone (MIBK) in the
presence of H2SO4 as a catalyst at a high temperature, followed
by a phase separation step, which results in cellulose-enriched
solid, hemicellulose-derived products in the aqueous alcohol
phase and high-purity lignin in the organic phase. This process
was later modified for acid catalysts (mineral acids and solid
acid catalysts), solvent systems, and response acceleration
methods and a proof of efficient fractionation of hardwood,
softwood, and various agricultural wastes like sugarcane
bagasse16 and switchgrass.17 However, the use of homoge-

Figure 1. Effects of temperature on biomass fractionation. The reaction contained 10% (w/v) RH in water/ethanol/MIBK (24%:32%:44%),
treated at different microwave powers (200−450 W) compared with conventional heating (160 °C) for 1 h in the absence of catalyst. (A) Solid
fraction; (B) aqueous fraction; (C) organic fraction.
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neous acid catalysts has drawbacks, including the corrosive
nature of acid, reusability of the catalyst, product separation,
and the need for waste and water treatment. As an issue of
concern, alternative heterogeneous solid acids have been
recently investigated as catalysts for the separation of
lignocellulosic materials, with the key advantage of a less

side-chain degradation of the derived products and easy
recovery.18,19 Heterogeneous acid catalysts, for example,
H3PO4−activated carbons (AC−H3PO4)

20 and a series of
SO4

2−/MxOy/Fe3O4/WO3 solid acid catalysts,
21 can be applied

for various lignocellulosic applications, including biomass
fractionation, cellulose hydrolysis,22,23 lignin depolymeriza-

Figure 2. Effects of H2SO4 and H2SO4−AC concentration on biomass fractionation. The reaction contained 10% (w/v) RH in water/ethanol/
MIBK (24%:32%:44%), treated at different microwave powers (200−450 W) compared with conventional heating (160 °C) for 1 h in the presence
of varying concentrations of H2SO4. (A) Solid fraction; (B) aqueous fraction; (C) organic fraction.
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tion,24 and torrefaction.25 Microwave irradiation generates
heating by the direct coupling of microwave energy with the
molecules that are present in the reaction mixture as opposed
to a slow and inefficient energy transfer when using
conventional heating.18−20 The microwave-accelerated CF
process has been reported for rice straw, which showed
advantages in product yield and selectivity compared to the
conventional CF process, suggesting a potent alternative for
developing a less energy-intensive process for the efficient
fractionation of lignocellulosic materials.
In this study, a single-step CF-based organosolv process of

RH using a microwave-accelerated process was developed and
compared to conventional heating process with the use of
various mineral acids or alternative solid acid catalysts. The
effects of microwave power, acid concentration, and acid types
on the product yield and selectivity were also studied. Besides,
the characteristics of solid residues and lignin isolated from the
CF process were analyzed by scanning electron microscopy
(SEM), X-ray diffraction (XRD), and Fourier transform
infrared (FTIR) spectroscopy. This study shows an integration
of the microwave-accelerated process and CF-based organosolv
fractionation of RH in biorefineries.

■ RESULTS AND DISCUSSION
Comparison between Fractionation Using Tradi-

tional Heat and Acceleration by Microwaves. A key
method for the use of biomass in an advanced biorefinery
process is the fractionation of lignocellulosic biomass with high
yield and selectivity. High recalcitrance in the plant biomass
structure is the main obstacle to the effective fractionation of
the lignocellulosic biomass components.28 Solvo- and hydro-
thermal treatments effectively relent the recalcitrant structure
under a highly pressurized aqueous medium and a high
temperature.29 In addition, by directly interfering with the
biomass substrate and reaction medium and reducing the
intensity of the reaction conditions, microwave irradiation
improves the hydrothermal fractionation of the recalcitrant
lignocellulosic biomass.
Under microwave irradiation, the dielectric properties of the

irradiated material, expressed between the relative permittivity
and the dielectric loss, regulate their heating properties. More
specifically, it is well known that under microwave irradiation,
electrolytes play an important role in the hydrothermal
properties of a lignocellulosic biomass. As a result of a
sequential reaction, the hydrolysis of monomeric sugars simply
creates degraded products. An additional method to improve
the dielectric properties of reaction systems is the use of
heterogeneous catalysts. Microwave and heterogeneous cata-
lysts, such as palladium-supported charcoal30 and zeolite,31

have recently been documented as coupled. Catalysts based on
carbon have been commonly used for lignocellulosic biomass
hydrolysis.31−34 Herein, the optimized condition is considered
based on the following criteria: cellulose recovery > 80%;
lignin removal > 80%; and hemicellulose-derived sugar > 70%,
which would be of practical value in CF processes in order to
obtain a high cellulose content in solid fraction while still
achieving hemicellulose and lignin in aqueous and organic
phases.
In the first point, in the absence of an acid catalyst, the

fractionation efficiency of the CF-based method using
microwave acceleration was tested. The reactions in the
ternary water/ethanol/MIBK mixture (24%:32%:44%) were
conducted at differing microwave powers from 200 to 450 W

compared to traditional heating at 160 °C, which, according to
our previous research, is the optimum temperature for the CF-
based process. As shown in Figure 1A, glucan yield in the solid
fraction obtained from the use of microwave acceleration
showed a slightly decreasing trend from 28.4 to 24.8% with an
increasing microwave power. Hemicellulose was effectively
solubilized from the solid fraction into the aqueous phase
(8.0−1.3%), whereas only a slight fraction of lignin was
removed (13.5−8.0%) under the experimental conditions
(Figure 1B,C). This resulted in a relatively low fractionation
efficiency, as reflected in the low selectivity of glucan in the
solid phase. The fractionation performance when using
conventional heating at 160 °C is comparable to that achieved
with a microwave power of 300 W in terms of product yield
and selectivity, though with slightly higher 5-hydroxymethyl
furfural (HMF) and furfural contents in the aqueous phase.
The findings thus suggest the feasibility of using microwave
acceleration in the CF-based method as an alternative to
traditional heating. The microwave power of 300 W was
chosen for subsequent experiments because of the high
hemicellulose solubilization in the aqueous phase and few
degradation products (HMF and furfural) compared with
those at microwave powers of 200 and 450 W.

Effects of Homogeneous and Heterogeneous Acid
Catalysts. In this study, the effects of H2SO4 as a conventional
homogeneous acid catalyst with varying concentrations (0.05−
0.2 M) and of solid H2SO4−AC as a heterogeneous acid
catalyst (1−5% w/w) in the microwave-accelerated CF-based
process using the microwave power at 300 W were compared
(Figure 2A−C). The addition of H2SO4 and its derived solid
catalyst resulted in a marked improvement in the fractionation
efficiency, leading to an effective separation of each
lignocellulosic fraction. From the point of view of reaction
and mass transfer efficacy, the addition of homogeneous
promoters in fractionation is desirable and demonstrates
significant benefits in the separation of cellulose and lignin.
Nevertheless, these homogeneous compounds result in the

degradation of the reactor and machinery and isolation of
materials and reduce the reusability of homogeneous catalysis
and waste effluent treatment.35 Owing to the difficulties of
distinguishing homogeneous catalysts from product solutions,
many catalytic devices have not been commercialized.36 As
shown in Figure 2A, a slight decrease in glucan yield (26.3−
23.7%) in the solid fraction was achieved with an increasing
H2SO4 concentration (p > 0.05), though with a higher product
selectivity for glucan (52.0−57.5%). This result correlates with
the higher efficiency of hemicellulose solubilization to the
aqueous phase (3.2−3.3%) (p > 0.05) and lignin removal to
the organic phase (14.8−17.9%) (p > 0.05). However, the
results showed no significant effect on the glucan yield in the
solid phase, hemicellulose solubilization in the aqueous phase,
and, under laboratory conditions, lignin solubilization in the
organic phase. The use of a solid catalyst led to a higher
fractionation performance, leading to a higher glucan yield
(28.8−29.5%) (p > 0.05) and selectivity (58.7−62.0%) in the
solid phase, whereas the solid acid catalyst loading showed no
significant effect on the glucan yield under the experimental
conditions (p > 0.05). This result was correlated with the high
yield (8.6−9.1%) (p > 0.05) and selectivity (62.2−63.0%) of
the hemicellulose-derived products, that is, xylan and arabinan,
in the aqueous fractions with a lower accumulation of the sugar
degradation products, that is, HMF and furfural, compared to
those when using the liquid catalyst. The use of H2SO4−AC
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also resulted in a higher lignin removal efficiency than that
when using H2SO4, with an increasing trend with a higher
catalyst loading, with the highest lignin yield and selectivity
being 21.4 and 92.2%, respectively, and with a solid acid
catalyst loading of 3% H2SO4−AC.

Recently, a number of advantages on the use of
heterogeneous promoters for enhancing lignocellulosic bio-
mass fractionation have been reported. For example, hemi-
cellulose degradation and enzymatic saccharification can be
improved,37 especially during acid or hydrothermal pretreat-

Figure 3. Effects of acid type on biomass fractionation. The reaction contained 10% (w/v) RH in water/ethanol/MIBK (24%:32%:44%), treated at
different microwave powers (200−450 W) compared with conventional heating (160 °C) for 1 h with 0.05 M of different mineral acids. (A) Solid
fraction; (B) aqueous fraction; (C) organic fraction.
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ments,38 which are less corrosive, thus reducing the need for
expensive construction materials, including more complete
conversion, higher recyclability of solutions, and limited
degradation of sugars in the presence of small amounts of
toxic compounds.39,40 The H2SO4 concentrations of 0.05 M
H2SO4 and 3% H2SO4−AC were chosen for subsequent
experiments as they yielded the highest cellulose content in the
solid, in the aqueous phase, less oxidation materials, and in the
organic phase, the largest lignin yield.
Effects of Acid Types. From the characterizations, the

specific surface area of the catalysts was in the range of 798−
853 m2/g, whereas the acid site densities were 732.3, 873.1,
and 1057.7 μmol/g for HCl−, H2SO4−, and H3PO4−ACs,
respectively. In microwave irradiation, carbon-based catalysts
are also efficient because carbon is suddenly heated by
microwave irradiation. Matsumoto et al.41 used AC as a
pretreatment microwave sensitizer for corn starch. In addition,
the application of sulfate to the AC support has been
documented to increase the catalytic activity of maize starch
hydrolysis by reducing the reaction temperature needed.
In this step, the effects of the acid types (i.e., HCl, H3PO4,

and H2SO4 and HCl−, H3PO4−, H2SO4−ACs) on the
microwave-accelerated CF-based fractionation of RH were
studied. It was found that the fractionation performance in the
presence of HCl, H3PO4, and H2SO4 was in the same range at
a fixed acid concentration of 0.05 M, of which the product
yields in the solid, aqueous, and solvent fractions were almost
identical, with no significant difference (Figure 3A−C).
However, the use of H3PO4 led to significantly (p ≤ 0.05)
lower formation of sugar degradation byproducts in the
aqueous phase and high-level extracted lignin in the organic
phase with a less cross-contamination of ash than for the other
acids under these experimental conditions.
In contrast to the heterogeneous acid catalysts, HCl−,

H3PO4−, and H2SO4−AC showed differences in their
performance on biomass fractionation, of which HCl−AC
presented the lowest fractionation performance at the fixed
catalyst loading of 3% w/w. Overall, H3PO4−AC and H2SO4−
AC exhibited better performance in the CF-based process
compared to the homogeneous acids in terms of product yield
and selectivity under this experimental condition. Compared to
H2SO4−AC, H3PO4−AC showed better efficiency in terms of
biomass fractionation, leading to the highest yield (29.5%) and
selectivity (63.8%) for glucan in the solid phase. This also led
to a higher yield (66.4%) and selectivity (58.5%) for
hemicellulose-derived products in the aqueous phase with
lower inhibitory byproduct formation and the highest lignin
yield (81.0%) and selectivity (89.0%) in the organic fraction. A
comparison of the outputs of this study with the recent
researches based on pretreatment technology in the presence
of heterogeneous catalysts is shown in Table S1. These results
reveal that the use of H3PO4−AC greatly improves the
fractionation performance in terms of high product yield and
low degradation of monosaccharides. This is because H3PO4−
AC has a higher specific surface area and acid density than
H2SO4−AC, resulting in more reacting particles between the
acid sites and biomass on the surface. However, H2SO4 is a
relatively strong acid compared with H3PO4; therefore, it
might result in the conversion of more cellulose and
hemicellulose to glucan and xylan and subsequent conversion
to HMF and furfural. It also shows several favorable
characteristics over homogeneous acid promoters, for example,
high selectivity separation effectiveness, low toxicity and

corrosiveness of equipment, and ease of recovery and
reuse.42,43

Structural Analysis of Residues of Fractionated Solids
and Derived Lignin. The solid-phase microstructure
obtained from the fractionation was compared by SEM with
native RH, as shown in Figure 4. The native sample provided a

normal and intact surface, indicating the plant material’s highly
ordered intact structure (Figure 4A). The surface structures of
the biomass of the fractionated solid residues showed
destruction of the surface and internal structure with cavities
and cracks. The removal of hemicellulose and alteration of the
surface lignin is indicated by this observation. For the
Brunauer−Emmett−Teller (BET) surface area measurement,
raw and pretreated biomass samples were analyzed (Table 1).

Pretreated solids showed a higher surface area than native
RH. This corresponded to a 2.6-fold increase in the surface
area of the cellulose-enriched solid fraction (5.4 m2/g)
compared to the native biomass (2.1 m2/g). XRD research
also revealed an improvement in the crystallinity of the solid
phase (3.82%) relative to the native biomass (1.70%),
indicating a successful removal of the amorphous hemicellulose
and lignin from the raw material. One of the most significant
factors influencing the effectiveness of enzymatic digestibility is
the accessible surface area.

Figure 4. Scanning electron micrographs of native RH and solid
residues from the fractionation of RH. (A) Native RH; (B) solid
residues from the fractionation of RH.

Table 1. BET Surface Area and Crystallinity Index of
Untreated and Pretreated RH at Optimal Conditionsa

surface area (m2/g) degree of crystallinity (%)

biomass native pretreated native pretreated

rice husk 2.1 5.4 70.1 82.3
aOptimal pretreatment conditions: 10% (w/v) RH in water/ethanol/
MIBK (24%:32%:44%) using 3% H3PO4−AC for 1 h at a microwave
power of 300 W.
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The internal surface area of RH increases after fractionation
relative to the native feedstock because of (i) fragmentation
and crack growth and (ii) elimination of lignin and
hemicellulose, reducing shielding effects and opening up
additional pores. In addition, biomass crystallinity is also
known to be an essential factor affecting enzyme digestibility
efficiency. Lignin from the fractionation process performed
using 3% w/w H3PO4 was extracted from the organic phase
using evaporation. For the organosolv lignin and the isolated
lignin isolated in this analysis in the 400−4000 cm−1 region,
similar FTIR spectra were seen (Figure 5). An FTIR profile
composed of aromatic phenylpropane skeleton vibrations
(1632, 1515, and 1429 cm−1),44 aromatic and aliphatic
hydroxyl groups (3400 cm−1),44 aliphatic C−H bonds (2919
cm−1), vibrations of the aromatic methyl group (1428 cm−1),
and ether bridges (1200 and 1061 cm−1)45 are seen by the
isolated lignin. The results of the acid hydrolysis of lignin
caused by acetic acid released from the hemicellulose of the
raw material were phenolic hydroxyl groups (1372 cm−1) and
nonconjugated carbonyl groups (1720 cm−1).45 The spectrum
also revealed other signals that can be related to syringyl (S)
and guaiacyl (G) groups in addition to these general bands:
syringyl ring respiration with C−O stretching (1330 cm−1),
syringyl aromatic C−H type in plane deformations (1118
cm−1), syringyl and guaiacyl ring respiration with C−O
stretching (1218 cm−1), and guaiacyl (1265, 1125, 855, and
810 cm−1) units.46,47

■ CONCLUSIONS

Under the experimental conditions considered in our research,
microwave-assisted fractionation in the presence of H3PO4−
AC performs well. The replacement of conventional thermal
heat with microwave irradiation can accelerate the fractiona-
tion reaction, with the formation of lesser degradation products
from monomeric sugars in the aqueous phase. As an acid

promoter, the addition of H3PO4−AC led to improved glucan
purity along with the increased solubilization of xylose and
arabinose into the aqueous-phase and organic-phase lignin
yield. This led to the efficient separation of lignocellulosic
components from native feedstock. Furthermore, a relatively
lower accumulation of degradation products was observed
using H3PO4−AC as a promoter than that when using liquid
acids, that is, H2SO4 and H3PO4. Along with the trace
quantities of ash, high-purity lignin was retrieved in the organic
process. Our study suggests that the coupling of microwave-
assisted fractionation with H3PO4−AC as a promoter could be
a useful technology for the fractionation of lignocellulosic
biomass components in the production of chemicals and an
integrated biorefinery process.

■ EXPERIMENTAL SECTION

Materials. RH was collected from the local rice mill
industry in the Khon Kaen Province, Thailand. It was
physically processed using a cutting mill (Retsch ZM2000,
Haan, Germany) and sieved to retain particles 250−420 μm in
diameter. The processed biomass was then used as a starting
material for the experimental studies. The RH contained 35.7
wt % cellulose, 21.5 wt % hemicellulose, 24.4 wt % lignin, and
4 wt % ash according to the standard NREL method.26

Analytical-grade organic solvents and chemicals were pur-
chased from major chemical suppliers, Sigma-Aldrich, Merck,
and Fluka.

Microwave-Accelerated Fractionation Process. Re-
sponses were completed in a 500 mL round-base jar associated
with a glass condenser to recuperate the dissipated dissolvable
material mounted in an adjustable microwave framework
(MW71B, Samsung, Korea) (Figure 6). The commonplace
response comprised 1.5 g of RH and 15 mL of a solitary stage
dissolvable combination containing water/ethanol/MIBK
(24%:32%:44%) in view of volume or different solvents as

Figure 5. FT-IR spectra of lignin obtained from (A) commercial kraft lignin; (B) microwave heating process at 300 W in the presence of 3%
H3PO4−AC.
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demonstrated. The response was warmed at 200−450 W for 1
h in the nonattendance or presence of different mineral acids
(H2SO4, HCl, and H3PO4) at different fixations (0.05−0.2 M)
of the solid acid catalyst. A pulse irradiation of accelerated
microwave was controlled to maintain the target temperature
(approximate 160 °C) compared to conventional heating. The
response was then stopped by squeezing the combination in
the water shower. The temperature inside the reactor has been
assessed utilizing a thermogun (Welch Allyn ThermoScan
Genius 4000 thermometer, Welch Allyn, New York, NY). The
strong cellulose-advanced division was isolated by sifting paper
utilizing a Buchner channel, washed with 40 mL of MIBK and
then with 100 mL of water, and afterward dried at 60 °C. The
liquid fraction was combined with the rinsate and placed into a
separatory funnel. Water was added to the aqueous/organic
fraction until phase separation was achieved. The mixture was
stirred and then placed at room temperature for 20 min to
complete phase separation. The aqueous phase containing
hemicelluloses and soluble products was recovered. The
separated organic phase was dried at 105 °C to obtain the
lignin.
Preparation and Characterization of Solid Acid

Catalysts. The strong corrosive advertisers, H2SO4, H3PO4,
and HCl, on ACs (H2SO4−AC, H3PO4−AC, and HCl−AC)
were synthesized by Suriyachai et al.16 The particular surface
territories of the advertisers were in the scope of 798−853 m2/
g, as indicated by the N2 physisorption procedure, utilizing the
BET (Wager) technique, whereas the corrosive site densities
were 873.1, 1057.7, and 732.3 μmol/g for H2SO4−, H3PO4−,
and HCl−AC. The corrosive site thickness of the advertisers
was broken down by the temperature-programmed desorption
(TPD) technique [NH3- and CO2-TPD].

27

Analytical Methods for Lignocellulose Components
and Products. The standard NREL approach was used to
evaluate chemical compositions (percent cellulose, hemi-
cellulose, lignin, and ash), in solid, aqueous/organic phases.26

High-performance liquid chromatography (SPD-M10A DAD,
Shimadzu, Kyoto), with a refractory index detector using a
column Aminex HPX-87H (Bio-Rad, Hercules, CA, USA), was
performed with fermentable sugar profiles and inhibiting
byproducts (5-hydroxymethylfurfural and furfural) acting as
mobile stages at 65 °C, with 5 mM H2SO4 as the mobile phase
at a flow rate of 0.5 mL/min. The return of the product is the
percentage of the product produced on a dry weight basis

based on its value in native RH. The selectivity of the reaction
to glucan (G), hemicellulose (H), and lignin (L) is calculated
on the basis of eqs 1 and 2.

Product yield
grams of the product obtained

grams of the product in native rice husk

100
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zzzzz=
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Relative content
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i
k
jjjjj
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+ + +
×
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Physical Analysis of Solid Residues. The microstructure
of native RH and solid residues collected during the
fractionation process has been examined by means of a JSM-
6301F electron scanning microscope (JEOL, Tokyo, Japan).
Samples were dried and gold-coated to be analyzed. For the
study, an electron beam intensity of 5 kV was used. XRD using
an X’Pert PRO diffractometer (PANalytical, Almelo, Nether-
lands) was performed to calculate the crystallinity of the native
and distinct solid fractions. The samples were screened in the
range of 2θ = 10−30° at 500 kV and 30 mA with a step size of
0.02°. The crystallinity was based on eq 3.

I I

I
CrI (%) 100002 amorphous

002

i
k
jjjjj

y
{
zzzzz=

−
×

(3)

where I002 is the biomass crystalline (i.e., cellulose) density of
2θ = 22.4 and Iamorphous, the amorphous component peaks (i.e.,
cellulose, hemicellulose, and lignin) of 2θ = 18.0.
The BET device was used to calculate the total raw material

and solid residue surface area using the BELSORP-max
TPDpro system (BEL Japan, Tokyo, Japan) fitted with a
thermal conductivity detector (semi-diffused structure, four-
element W−Re filament). In a PerkinElmer 16PC instrument,
FT-IR measurements were done via direct transmission using
the KBr pellet technique. About 20 scans ranging from 4000 to
400 cm−1 with a 4 cm−1 resolution were recorded for each
wavelength. Prior to each sampling, the background spectra
were obtained. Prior to analysis, KBr was oven-dried to remove
water intrusion. Sigma-Aldrich’s commercial kraft lignin was
used as a reference.
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