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Abstract
Alkaline hydrogen peroxide (AHP) pretreatment is a promising process for enhancing enzymatic digestibility of lignocellulosic
biomass in biorefineries. In the present work, the effects of organic bases (NH4OH and tri-ethylamine) and co-solvents (ethanol,
isopropanol, tert-butyl alcohol, water) on AHP pretreatment efficiency of rice straw were studied and compared to the typical
aqueous reactionwith NaOH. It was found that the glucose recovery from enzymatic hydrolysis of the biomass pretreated byAHP at
35 °C for 24 h using NH4OH in aqueous/tert-butyl alcohol (73.6%) was higher than that achieved using ethanol and isopropanol
(31.6–48.6%) and water (71.2%) under the same experimental conditions. Increasing H2O2 concentration from 1 to 10% v/v in the
aqueous/tert-butyl alcohol with NH4OH led to enhancing sugar yield to from 349 to 623mg/g pretreated rice straw, equivalent to the
highest glucose recovery of 83.0%. Formation of highly porous structures in pretreated rice straw by removals of hemicelluloses and
lignin was revealed by Fourier transform infrared spectroscopy and scanning electron microscopy while the increased crystallinity
index was shown by X-ray diffraction. This modified low-temperature AHP pretreatment using organic solvent system is advan-
tageous on recyclability potential of the reagents and potent for further implementation in lignocellulosic biorefineries.
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Introduction

The demand of fossil fuels worldwide has been increasing
during the last decade with the expected consumption of
101.0 million barrels per day of crude oil in 2020, mostly
for the industrial sector and automobiles [1]. This increasing
exploitation of fossil resources led to increasing air pollution

and became a major cause of CO2 emission contributing to
global warming. Lignocellulosic biomass is a renewable
carbon-neutral renewable raw material in biorefinery industry
which is considered a sustainable platform industry compared
to the conventional process relying on fossil feedstock [2].
The structure of biomass mainly comprises three primary con-
stituents: (i) cellulose, a linear highly crystalline homopoly-
mer structure of glucose linked together via β(1,4)-glycosidic
bonds; (ii) hemicellulose, a branched heteropolymer of pen-
tose and hexose sugars which forms a network linking the
cellulose microfibrils; and (iii) lignin, a complex polymer of
phenolic alcohols, which shields plant cell wall from external
stresses and microbial attacks [3]. Separation and conversion
of these individual biopolymers to a spectrum of fuels and
commodity chemicals (e.g., solvents, building blocks, and
bioplastic monomers) are the key issues in modern
biorefineries [4]. Among various biomass processing routes,
conversion of the polysaccharide parts to sugars as intermedi-
ates for subsequent conversion to desirable target products via
microbial or catalytic processes is a dominated strategy. This
leads to a challenge on development of an efficient process for
production of cellulosic sugars at a competitive cost.

A pretreatment step by physical, chemical, or biological
processes is generally required for increasing enzymatic
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digestibility of the recalcitrant cellulose fraction, which can be
achieved by removals of hindered hemicellulose and lignin,
enhancement of porosity structure, reduction of cellulose po-
lymerization degree, and decrystallization of the cellulose
structures [3]. However, thermochemical pretreatment pro-
cesses, for example, steam explosion and liquid hot water,
are usually energy intensive and require investment of high-
cost equipment due to the need to perform reactions at high
temperature and pressure. Basic chemical pretreatment pro-
cesses using dilute acids and alkalis also have drawbacks on
generation of inhibitory compounds (e.g., organic acids and
furans derived from carbohydrate degradation and phenolic
compounds derived from lignin) which can cause reduction
of enzymatic activity in the hydrolysis step and inhibition of
cell growth during fermentation [5–7].

Alkaline hydrogen peroxide pretreatment (AHP) using hydro-
gen peroxide (H2O2) as an oxidative agent is usually performed
at milder temperature compared to the acid or alkali pretreatment
processes due to its exothermic nature with an advantage on low
formation of inhibitory by-products, e.g., hydroxymethylfurfural
(HMF) and furfural [8]. An alkali, conventionally, NaOH, is
required to adjust the pH to 11.5 for maximal generation of the
reactive oxygen radicals, i.e., superoxide (O2

·) and hydroxyl rad-
ical (OH·) derived from the key reactive species, perhydroxyl
anion (HOO−), from dissociation of H2O2 [8]. This leads to
efficient delignification by cleaving the lignin side chains and
breaking down the aliphatic part of lignin into low molecular
weight compounds [9] and also results in partial removal of
hemicellulose. The AHP process has been studied on several
lignocellulose materials such as wheat straw [10], rice husk [9],
corn stover [11], sugarcane bagasse [12], and cashew apple ba-
gasse [13] which resulted in marked improvement in cellulose
digestibility. Addition of surfactants (e.g., Tween 80), polymers
(e.g., polyethylene glycol), and non-catalytic protein (e.g., bovine
serum albumin) in the enzymatic hydrolysis step of biomass
pretreated byAHP and other alkaline pretreatments has also been
reported to enhance the glucose yield by stabilizing and
protecting the enzyme activity and reducing enzyme inhibition
during the saccharification process [14–16]. However, the high
cost of H2O2 reagent, including the additional need for recycling
of liquid fraction after the process, has limited implementation of
AHP pretreatment [8].

Use of organic solvents such as alcohols, ketones, organic
acids, ethylene glycol, and esters in organosolv pretreatment
operated under high-temperature range (> 150 °C) allows high
efficiency in solubilization of the lignin fraction, decrease of
viscosity in the reaction mixture, and decreased
recondensation of lignin on the biomass surface which result-
ed in enhancing the enzymatic digestibility of the cellulose-
enriched fraction [17–19]. The use of organic bases, for ex-
ample, ammonia, guanidine, and amino-guanidine, has also
been demonstrated in alkali pretreatment of different agricul-
tural wastes with advantages on increasing the surface area

through alkaline swelling and effective lignin removal, lead-
ing to improvement in enzyme accessibility with advantages
on possible chemical recycling and less chemical waste gen-
eration [20, 21].

Until now, there has been very few reports on AHP pretreat-
ment of lignocellulosic biomass in aqueous organic solvent sys-
tems, however with limited demonstration of the types of sol-
vents with no experimental study on its combined use with or-
ganic bases [22]. The use of organic solvents with organic bases
(TEA and NH4OH) in AHP would allow non-corrosive, non-
toxic, and possibility on recovery of chemical reagents by evap-
oration leading to less generation of chemical waste compared to
the conventional AHP pretreatment using NaOH in an aqueous
system [17, 20, 23]. In this work, we aimed to study the effects of
co-solvents (ethanol, isopropanol, and tert-butyl alcohol) and
types of organic bases (NH4OH and tri-ethylamine) on AHP
pretreatment of rice straw, one of the world’s most abundant
agricultural wastes with the average annual production of 900
million tons/year [24, 25], compared to the use of conventional
AHP process. Given the known benefits of co-solvents, organic
bases, and the delignification effect of the oxidative H2O2 agent,
these combined effects could result in improvement in AHP
pretreatment strategy in terms of efficiency, environmental
friendliness, and reagent reusability. Physicochemical character-
istics and microstructures of the cellulose-enriched solid fraction
after alkaline peroxide pretreatment were investigated providing
supports for improved processability of the biomass.

Materials and Methods

Materials

Rice straw (RS) was obtained from a paddy field in
Pathumthani province, Thailand. Initially, it was physically
grinded by a cutting mill (Retsch ZM2000, Haan, Germany)
and sieved through a 0.5 mm size screen. Themilled rice straw
was dried at 70 °C for overnight and stored in plastic bag at
room temperature before use. The composition of raw bio-
mass contained 35.5 ± 1.2 wt% of cellulose, 22.5 ± 0.7 wt%
of hemicelluloses, 25.0 ± 0.5 wt% of lignin, and 14.2 ±
0.2 wt% of ash determined by the standard NREL analysis
[26]. All analytical grade chemicals and organic solvents were
provided from major chemical suppliers such as Sigma-
Aldrich and Merck.

Alkaline Peroxide Pretreatment

Conventional AHP Process

Based on the conditions from our preliminary study, the dried
rice straw (2.5, 5, 7.5, 10, and 12.5%,w/v) was pretreated with
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10 mL of hydrogen peroxide solution at different concentra-
tions (1, 2.5, 5, 7.5, and 10% v/v) pre-adjusted to pH 11.5
(approx. 0.4–4.5% w/v of NaOH final concentration depend-
ing on concentrations of hydrogen peroxide). The reaction
was performed in aqueous media by incubating the samples
in different reaction temperatures (25, 30, 35, 40, and 45 °C)
for various reaction times (6, 18, 24, 36, and 48 h). After that,
the solid residue was collected by vacuum filtration on a paper
filter (No. 4) with a pore size of 20–25 μm, washed by dis-
tilled water until pH reached to neutral. The residue was dried
at 70 °C for overnight and stored at room temperature for
further use in enzymatic hydrolysis process.

AHP Process Using Organic Solvents and Organic
Bases

AHP pretreatment in aqueous organic solvent system was
performed in a solvent mixture comprising different organic
solvents (ethanol, isopropanol, or tert-butyl alcohol) andwater
in the ratio of 70:30. The reaction was performed using an
organic bases (NH4OH or tri-ethylamine) for pre-adjusting
the reactions to pH 11.5 (approx. 5% v/v final concentration)
under the starting condition obtained from the conventional
AHP process. The effect of H2O2 concentrations (1, 2.5, 5,
7.5, 10% v/v) at 35 °C for 24 h was then further studied. The
collected solid residues were processed for studying the lig-
nocellulosic composition and tested for enzymatic
digestibility.

Enzymatic Hydrolysis

Enzymatic hydrolysis reaction consisted of 5% (w/v)
pretreated rice straw with cellulase dosage at 20 FPU/g
pretreated rice straw using Accellerase® 1500 (Dupont,
Rochester, NY) containing 45 FPU/mL of initial activity
[27] in 50 mM sodium citrate buffer at pH 4.8 and 0.25%
(w/v) of NaN3. The reaction was incubated at 50 °C for
72 h. The sugar product profile was examined using a high-
performance liquid chromatograph (SPD-M10A DAD,
Shimadzu, Japan) equipped with a refractive index detector
and an Aminex HPX-87H column (Bio-rad, Hercules, CA).
Sulfuric acid solution (0.005 M) was employed as the mobile
phase using a flow rate of 0.5 mL/min with column tempera-
ture at 65 °C.

Sugar yield represented the total amount of fermentable
sugars (glucose, xylose, and arabinose) obtained from en-
zymatic hydrolysis of the pretreated biomass calculated
based on the weight basis of the substrate used in the hy-
drolysis reaction (mg/g pretreated RS) according to (Equ.
1). Sugar recovery was defined as the amount of total
sugars obtained from the hydrolysis reaction taken weight
recovery of the solid fraction from the pretreatment step
into an account (mg/g raw RS) according to (Equ. 2).

%Glucose recovery was calculated based on the glucose
recovered from the hydrolysis reaction compared to the
cellulose content (× 1.11) in the raw material on a dried
weight basis according to (Equ. 3).

Sugar yield mg=g pretreated RSð Þ

¼ Total sugar glucoseþ xyloseþ arabinoseð Þ mgð Þ
Initial weight of pretreated RS gð Þ ð1Þ

Sugar recovery mg=g raw RSð Þ

¼ Total sugars of glucose; xylose; arabinose mgð Þ
Initial weight of pretreated RS gð Þ

� Final weight after pretreated RS gð Þ
Initial weight of raw RS gð Þ ð2Þ

%Glucose recovery

¼ Recovered glucose mg=g raw RSð Þ
Theoretical glucose in raw RS mg=g raw RSð Þ � 100

ð3Þ

Analytical Methods

Chemical Composition

Chemical composition of the pretreated RS solid recoverywas
determined according to the standard NREL analysis method
[26]. The %cellulose recovery, %hemicellulose removal, and
%lignin removal were calculated according to Equations 4–6.

%Cellulose recovery ¼ C F �%Solid recovery=100

CI

� �
� 100 ð4Þ

where cellulose recovery is the percentage of cellulose re-
maining after the AHP pretreatment compared with the initial
cellulose content; CI is the percentage of initial cellulose con-
tent; CF is the percentage of remaining cellulose content in the
final solid recovery.

%Hemicellulose removal

¼ H I− H F �%Solid recovery=100ð Þ
H I

� �
� 100 ð5Þ

where hemicellulose removal is the percentage of hemicellu-
loses removed after AHP process compared with the initial
hemicellulose content; HI is the percentage of initial hemicel-
lulose content; HF is the percentage of remaining hemicellu-
lose content in the final solid recovery.
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%Lignin removal

¼ LI− LF �%Solid recovery=100ð Þ
LI

� �
� 100 ð6Þ

where lignin removal is the percentage of lignin removed after
AHP process compared with the initial lignin content; LI is the
percentage of initial lignin content; LF is the percentage of
remaining lignin content in the final solid recovery.

Scanning Electron Microscopy

The microstructure and morphology of the raw and pretreated
biomass obtained from AHP pretreatment in aqueous and or-
ganic solvent systems was determined by scanning electron
microscope (SEM) using a S-3400N Type II SEM (Hitachi,
Tokyo, Japan). The samples were dried and coated with gold
according to the standard protocol [28]. An electron beam
energy of 5 kV was applied for analysis.

X-Ray Diffraction Analysis

The crystallinity of raw and pretreated biomass was analyzed
by X-ray diffraction (XRD) using an X’Pert PRO diffractom-
eter (PANalytical, Almelo, The Netherlands). The samples
were scanned at a speed of 0.5°/min in a range of 2θ = 10–
30° with a step size of 0.02° at 40 kV, 30 mA, and radiation at
Cu Kα (λ = 1.54 Å). The average crystallite size was calculat-
ed by the Scherrer equation. The crystallinity index (CrI) was
calculated according to the (Equ. 7) [29].

CrI %ð Þ ¼ I002−I am
I002

� �
� 100 ð7Þ

where CrI is the crystallinity index (%); I002 is the highest
intensity for the crystalline portion at 2 = 22.40 and Iam is
the peak for the amorphous portion at 2 = 18.00.

Fourier Transform Infrared Spectroscopy

The functional groups on the lignin samples were analyzed by
Fourier-transformed infrared spectroscopy (FT-IR) (Perkin-
Elmer System 2000, Waltham, United States) with infrared
spectra collected in the wave number range of 600–
4000 cm−1.

Results and Discussion

AHP Pretreatment in Aqueous System

Firstly, the conventional AHP pretreatment of rice straw using
water as the medium and pH adjusted with NaOH was studied
under different reaction condit ions with varying

concentrations of H2O2, solid loading, temperature, and reac-
tion time to study the optimized conditions for maximizing the
glucose recovery (Fig. 1). The effect of H2O2 dosage was
initially studied in the range of 1–10% v/v in the reactions
containing 5% initial solid loading at 35 °C for 18 h. The result
showed that increasing H2O2 dosage from 2.5 to 10% led to
decreasing sugar yield from 700 to 664 mg/g pretreated RS
with a decrease on solid recovery from 70.0 to 58.0%. This led
to the decreasing sugar recovery from 490 to 385 mg/g raw
RS, corresponding to the glucose recovery in the range of 82.5
to 64.5% (Fig. 1a). The lower sugar yield obtained from the
reactions with higher H2O2 dosages could be due to the ex-
cessive dosage of H2O2 which led to lower cellulose recovery
together with formation of inhibitory compounds from the
delignification reaction [8, 30]. Next, the effect of solid load-
ing was studied in the range of 2.5–12.5% w/v with a fixed
reaction volume using the optimum H2O2 concentration
(2.5% v/v) at the fixed temperature and time. It was found that
the optimal solid loading at 7.5% w/v gave the highest sugar
yield and recovery as shown in Fig. 1b. The excessive bio-
mass loading at 10% w/v resulted in reduction of free water
which caused reduced efficiency in mass transfer in the reac-
tion and could lead to higher energy consumption for mixing
in an up-scaled process [8]. The effect of temperature was
subsequently studied at 25–45 °C in the reactions containing
2.5% v/v of H2O2 and 7.5% w/v of solid loading for 18 h. The
highest sugar product and glucose recovery were achieved at
35 °C (Fig. 1c). Higher temperature (45 °C) could lead to an
excessive generation of radicals in AHP pretreatment which
reflected in the decrease in the solid recovery and thus the
yield of sugar products. Optimization of reaction time was
then studied in the range of 6–48 h based on optimal condition
identified. The result demonstrated that increasing reaction
time from 6 to 36 h led to an increase in the sugar yield of
720–834 mg/g pretreated RS (Fig. 1d). The reaction time at
24 h under the optimal AHP conditions (7.5% biomass load-
ing, 2.5% H2O2 at 35 °C) was a good candidate for achieving
the sugar recovery of 540 mg/g raw RS, equivalent to 93.3%
glucose recovery which was 3.1 times compared to that ob-
tained from hydrolysis of untreated RS (105 mg/g raw RS).

The glucose recovery obtained using the conventional
AHP process in this study was higher than that reported from
most previous works on several lignocellulosic feedstocks
such as rice husk, sugarcane bagasse, and corn stover where
the glucose recovery yields of 54.3–75.0% were obtained un-
der varying AHP pretreatment conditions [31–33]. Banerjee
et al. (2012) studied scaling-up of AHP pretreatment of corn
stover for converting the released sugars to ethanol. The opti-
mal conditions of AHP process were at 0.125 g H2O2/g bio-
mass at 22 °C for 48 h under atmospheric pressure, resulting in
a glucose recovery of 75.0% after saccharification [33]. The
AHP pretreatment of rice husk using 7.5% H2O2 v/v at 35 °C
for 24 h showed a lower glucose yield of 240 mg/g rice husk,
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equivalent to 60.7% glucose recovery after enzymatic hydro-
lysis at 45 °C for 120 h [32]. It is noted that a lower glucose
yield of 69.4% after enzymatic hydrolysis was also obtained
from AHP pretreated sugarcane bagasse using contained 5%

H2O2 v/v at 20 °C for 24 h [31]. The results thus suggested
high efficiency and selectivity of the conventional AHP pro-
cess for pretreatment of rice straw under the optimized condi-
tions in this study.
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Fig. 1 Effects of reaction
parameters on AHP pretreatment
with NaOH in water as the
medium. The standard reaction
contained 7.5% w/v solid loading
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incubated 35 °C for 24 h. The
total reaction volume was fixed at
10 mL. The reaction parameters
were varied for a H2O2

concentration; b solid loading; c
temperature; and d reaction time
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Effects of Base Types and Organic Solvents in AHP
Pretreatment

The effects of base (NH4OH and TEA) in the presence of
water and various co-solvents (ethanol, isopropanol, and tert-
butyl alcohol) were initially studied based on the optimal AHP
condition obtained from the conventional process (7.5% w/v
solid loading in presence of 2.5% v/v H2O2). The pH was
adjusted using different bases to pH 11.5 and incubated at
35 °C for 24 h (Fig. 2). The use of NH4OH for pH adjustment
in AHP pretreatment showed a high sugar yield in the range of
178–427 mg/g pretreated RS and sugar recovery of 164–
320 mg/g raw RS, equivalent to the glucose recovery of
35.3–73.6% in the aqueous-organic solvent system. A lower
sugar yield of 176–208 mg/g pretreated RS and sugar recov-
ery of 165–185 mg/g raw RS, equivalent to 31.6–36.8% glu-
cose recovery, was obtained using TEA. For both bases,
higher sugar yield and recovery were obtained using the
AHP process in tert-butyl alcohol system compared with
those from the water system. The highest glucose recovery
of 73.6% was achieved using NH4OH in tert-butyl alcohol
as the co-solvent, which was higher than that obtained using
the water system under the same experimental conditions
(71.2%), suggesting advantages on using this co-solvent in
AHP process. The result agreed well with the higher sugar
yield obtained from AHP in ethanol system with KOH com-
pared to that from the water system previously demonstrated
[22].

Aqueous ammonia or NH4OH has several advantages in-
cluding high selectivity on delignification of biomass by
cleaving the C–O–C linkages in lignin molecule together with
breaking the ester and ether bonds in the lignin-carbohydrate
complexes with less degradation of cellulose [34]. The use of
NH4OH could also allow recycling of the base reagent by
evaporation due to the high volatility of ammonia at relatively
low temperatures [20]. Tert-butyl alcohol was shown as a
superior solvent related to selectivity to cellulose fraction in
the pretreatment step and enzymatic hydrolysis compared to
the other alcohols (ethanol and isopropanol) and water under
the same experimental conditions. The use of tert-butyl alco-
hol (partition coefficient: log P tert-butyl alcohol = 0.35) has
been reported to result in higher solubilization of lignin com-
pared to the use of other alcohols (ethanol, 1-propanol, and 2-
propanol; log P = − 0.31, 0.25, and 0.05, respectively), as
demonstrated in organosolv pretreatment of sorghum bagasse
[35].

Compared to water, the aqueous organic solvent can lead to
efficient swelling of the biomass during the pretreatment step
due to its larger molecular size. A strong linear correlation
between the activation energy on biomass swelling and the
molecular weight of solvent was reported [22]. This swelling
effect can result in higher accessibility of H2O2 radicals and
subsequently by enzymes to the polysaccharide fractions.

According to its partition coefficient [35], the use of organic
solvent can also allow more efficient solubilization of lignin
and lignin-degraded products generated from oxidative cleav-
ages on the ester and ether bonds by the actions of superoxide
(O2

·) and hydroxyl radical (OH·) species during the pretreat-
ment step [8, 34]. Overall, this can result in increase in pre-
treatment efficiency and sugar yield from enzymatic hydroly-
sis of the biomass. The results thus suggested the possibility of
using the organic base and co-solvent for the modified low-
temperature AHP pretreatment with high efficiency and
selectivity.

Effects of Peroxide Loading in the Aqueous Tert-butyl
Alcohol System Using NH4OH

The effects of H2O2 concentration in the tert-butyl alcohol
system using NH4OH on total sugar product and glucose re-
covery are shown in Fig. 3. In contrast to the trend observed
for the conventional AHP process, it was found that increasing
H2O2 concentration from 1 to 10% v/v led to higher sugar
yield (349–623 mg/g pretreated RS) and sugar recovery
(290–411 mg/g raw RS), equivalent to the maximum glucose
recovery of 83.0% at 7.5% v/v of H2O2 concentration. The
glucose recovery achieved in this study was higher than those
reported in many of the previous works using conventional
AHP process on rice straw (44.4–80.0%) [36, 37]. The opti-
mal concentration of H2O2 shown in this study agreed well
with the previous reports using conventional AHP processes
on different rice wastes. Saha and Cotta (2007) reported that
increasing H2O2 concentration from 0 to 7.5% v/v improved
release of sugars from rice husk with the highest glucose re-
covery of 52.2% [32]. The increase in H2O2 concentration (1–
4% w/v) also improved enzymatic digestibility of rice husk as
reported by Cabrera et al. (2014) [9]. However, excess H2O2

concentration was reported to result in a progressive decrease
in sugar product due to non-specific degradation of cellulose
along with degradation of released sugars to inhibitory com-
pounds [38].

The chemical compositions of the solids obtained under the
optimal pretreatment conditions and enzymatic hydrolysis
using NH4OH in aqueous tert-butyl alcohol and NaOH in
water were studied compared with the raw RS (Fig. 4). The
solid recovery after pretreatment was in the range of 65–66%.
According to Fig. 4a, the hemicellulose removal and lignin
removal after AHP pretreatment were 10.7% and 58.0% for
the NaOH/water process and 9.4% and 52.5% for the
NH4OH/tert-butyl alcohol process, respectively, with more
than 90% cellulose recovery. Enzymatic hydrolysis led to
conversion of the cellulose fraction to glucose with further
removal of the hemicellulose and lignin fractions (Fig. 4b).
This led to a further increase in accumulated hemicellulose to
73.8% and 39.1% for the NaOH/water and NH4OH/tert-butyl
alcohol processes, respectively, while the lignin fraction was
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mainly not degraded and enriched in the solid residues.
Interaction efficiency between hemicellulose and lignin re-
movals by both AHP processes under the optimal conditions
and glucose recovery after enzymatic hydrolysis was signifi-
cant with high correlation based on a statistical analysis of the
regression model (R2 = 0.92 and 0.96 and P value < 0.05).
This agrees with strong correlation of xylan and lignin re-
movals to glucose yield from AHP pretreatment of sugarcane
bagasse [14]. Mass balance of the pretreatment processes with
the focus on the cellulose fraction is shown in supplementary
Fig. S1, showing balance of starting cellulose, the released
glucose, and the residual non-digested cellulose in the solid
residues. The results thus showed effective delignification of
the biomass with slight hemicellulose removal while the ma-
jority of the cellulose fraction was obtained with high enzy-
matic digestibility. The results on degrees of hemicellulose
and lignin removals were correlated to several previous works
using water systemwith NaOH [13, 39–41]. Xing et al. (2013)
reported that AHP pretreatment of bamboo using 30% w/w
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Fig. 2 Effects of co-solvents and
water in AHP pretreatment of rice
straw using different organic
bases on total sugar product and
glucose recovery based on
enzymatic digestibility; a
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H2O2 concentration at 80 °C for 1 h led to reduction of the
lignin fraction from 26 to 12.7%, with no significant decrease
of glucan and xylan [40]. The AHP process of corn stover
containing 1% (w/w) of H2O2 with 4% of solid loading at
37 °C for 3 h resulted in hemicellulose and lignin removals
of 6.25% and 41.1%, respectively, together with 87.3% cellu-
lose recovery [39].

Physicochemical Characterization of Pretreated Rice
Straw in Organic Solvent System

The structural alteration of RS samples pretreated by the AHP
process in the presence of NaOH in the aqueous medium and
NH4OH in the aqueous organic of tert-butyl alcohol system
was analyzed by SEM compared with the native RS (Fig. 5). It
can be seen that the native RS showed intact physical structure
with no cracks and cavities and covered with an intact wax-

coated surface. Overall, AHP pretreatment in the presence of
different bases both in water and solvent systems resulted in
structural changes in the biomass surface due to efficient re-
movals of the cuticle wax and silica layers. The use of
NaOH/aqueous and NH4OH/tert-butyl alcohol systems led
to formation of higher porous structure and increased surface
area of the biomass. Their modified structure allowed increas-
ing accessibility of the enzymes to the inner cellulose
microfibers in the substrate. This result was corresponded to
the previous work reported by Qi et al. (2009) [42], which
showed that the AHP pretreatment of wheat straw in the aque-
ous medium using NaOH led to rugged, rough, and broken
surface as well as appearance of porous structure in the
pretreated solid fraction compared to the native biomass
which showed an even and smooth flat surface.

The crystallinity index of AHP-pretreated samples pretreated
under the optimal condition was analyzed by XRD. It was found
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that the use of NH4OH in aqueous tert-butyl alcohol systems
resulted in an increase in crystallinity index (56.1%) compared
with the native RS (45.2%) but lower than that obtained using
NaOH in aqueousmedia (59.1%). This could be due to the effect
of AHP process which led to more solubilization of amorphous
lignin and hemicellulose fractions. The effect of AHP pretreat-
ment on crystallinity index of different lignocellulosic biomass
has been reported by several researches. Reis et al. (2016) report-
ed the increase of crystallinity index to 47.6 and 47.5% after
AHP pretreatment of sugarcane bagasse and sweet sorghum ba-
gasse, respectively, compared to 34.0% and 33.8% of these bio-
masses in their native forms, respectively [43]. Moreover, the
effect of aqueous ammonia addition could also result in removal
of the amorphous lignin and hemicellulose, leading to increasing
crystallinity index after biomass pretreatment and enhancing the
enzymatic digestibility as reported in the ammonia soaking pre-
treatment process of corn stover [44].

FT-IR spectra of the rice straw pretreated under the optimal
conditions for NaOH/water and NH4OH/tert-butanol system
compared to the native biomass are shown in Fig. 6. The
functional groups of AHP-pretreated samples were
corresponded to the assignment of FT-IR spectra of pretreated
oak wood, sugarcane, and sweet sorghum bagasse reported

earlier [43, 45]. The raw rice straw showed the peak of C=C
stretching of aromatic ring of lignin at 1604 cm−1, C=C aro-
matic skeletal vibration stretching of the benzene ring in lignin
at 1513 cm−1, and C–O–C stretching of primary alcohol in
cellulose and hemicelluloses at 1053 cm−1. All functional
groups in the raw rice straw were identified in the pretreated
rice straw samples according to the FT-IR spectra. However,
the lower intensity of these peaks was observed after pretreat-
ment by the AHP process, suggesting solubilization of the
lignin and partial hemicellulose fractions. In addition, the
higher intensity of C–H deformation of glucose ring in cellu-
lose and hemicellulose at 889 cm−1 of the AHP-pretreated
samples compared to that of the raw material also suggested
the change in cellulose structure after the pretreatment step.

Comparison of total sugar product and glucose recovery
achieved in our study and previous works on pretreatment of rice
straw by different methods is summarized in Table 1. The glu-
cose recovery achieved in this study using themodified tert-butyl
alcohol/NH4OH-based AHP process or the optimized conven-
tional AHP process was higher or at least comparable compared
to that previously reported using different chemical (e.g., acid
and ionic liquid) and hydrothermal (e.g., liquid hot water and
steam explosion) methods or their combinations which led to a

a b

c d

e f

Fig. 5 SEM analysis of AHP-
pretreated rice straw using
modified and conventional AHP
process under the optimal
condition compared to raw rice
straw; a, b pretreated rice straw in
water with NaOH (7.5% solid
loading, 2.5% v/v H2O2, 35 °C,
24 h) at 200×, 500×; c, d
pretreated rice straw in 70% v/v
tert-butyl alcohol with NH4OH
(7.5% solid loading, 7.5% v/v
H2O2, 35 °C, 24 h) at 200×, 500×;
and e, f native rice straw at 200×,
500×
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varying glucose recovery in the range of 57.0–83.0% [5–7,
46–48]. This can reflect the synergized effect of high lignin sol-
ubility in tert-butyl alcohol and efficient biomass delignification
caused by H2O2. Compared to previous studies on pretreatment
of rice straw using different chemical and hydrothermalmethods,
the developedAHPprocesses in this studywere performed under
markedly milder conditions and hence could result in less energy
requirement and lower equipment cost. The developed AHP

pretreatment by NH4OH/tert-butyl alcohol system is also advan-
tageous compared to the conventional AHP pretreatment using
NaOH/aqueous system in terms of reusability of the organic
solvent and organic base which can lead to generation of less
waste water and chemical waste. Recycling of tert-butyl alcohol
using distillation method was demonstrated [49] while NH4OH
can be recovered by simple evaporation technique [20].
However, further study on the solvent and base recycling step

4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm-1)

AHP-NaOH

Raw rice straw

AHP-NH4OH

1604

1513

1053

889

Fig. 6 FT-IR analysis of AHP-
pretreated rice straw using
modified and conventional AHP
process under the optimal
condition compared to raw rice
straw

Table 1 Comparison of sugar product from rice straw pretreated by different methods

Process Optimal conditions Sugar products Ref.

Alkaline hydrogen peroxide 7.5% (w/w) solid loading, 7.5% (v/v) H2O2 at 35 °C for 24 h in
NH4OH/tert-butyl alcohol (70:30% v/v) system

411 mg/g raw RS and 623 mg/g
pretreated RS

83.0% glucose recovery

This study

Alkaline hydrogen peroxide 7.5% (w/w) solid loading, 2.5% (v/v) H2O2 at 35 °C for 24 h in
NaOH/water system

540 mg/g raw RS and 831 mg/g
pretreated RS

93.3% glucose recovery

This study

Alkaline hydrogen peroxide 5% (w/w) solid loading, 1% (w/v) H2O2 at 30 °C for 24 h and
adjusted to pH 11.5 using NaOH in water

91.6% reducing sugar yield [9]

Nitric acid pretreatment 10% (w/w) solid loading, 0.65%HNO3, 158.8 °C for 5.86 min 83.0% glucose recovery [5]

Dilute acid pretreatment 5% (w/w) solid loading, 1% (w/w) H2SO4 at 160 °C for 5 min 210 mg/g pretreated RS
57.0% glucose recovery

[6]

Liquid hot water pretreatment with
alkaline catalyst

10% (w/w) solid loading, 0.25% (w/v) NaOH at
140 °C for 10 min

74.6% glucose recovery [46]

Acidified glycerol pretreatment 5% (w/w) solid loading, 1% HCl at 190 °C for 10 h 58.2% glucose recovery [47]

Combined pretreatment of steam
explosion and alkaline
pretreatment

Steam explosion at 170 °C for 10 min, sequentially treated
with 2%(w/v) KOH in autoclave at 121 °C for 30 min

664 mg/g pretreated RS
82.6% total sugar yield

[7]

Alkaline hydrogen peroxide 5% (w/w) solid loading, 16% (v/v) H2O2, 8% (w/v) NaOH at
70 °C for 12 h

5% (w/w) solid loading, 16% (v/v) H2O2, 8% (w/v) NaOH for
10 min at room temperature

80.0% glucose recovery [36]

Alkaline hydrogen peroxide with wet
air oxidation pretreatment

4% H2O2 with 6 bars of air at 190 °C for 24 h soaking time 44.4% glucose recovery [37]

Combined pretreatment of ionic
liquid and inorganic salt and water

Mixing of 50% ([C2mim]Cl) and 49.5% water and 0.5%
K2CO3 at 95 °C for 3 h

82.4% glucose recovery [48]
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is needed. The results thus demonstrated the potential of the
modified AHP pretreatment developed in this work for biomass
utilization in biorefineries.

Conclusion

AHP pretreatment using NH4OH in the aqueous tert-butyl
alcohol system was reported in this study. The developed
process led to marked improvement on enzymatic digestibility
of rice straw, resulting in high glucose recovery with high
selectivity on separation of the cellulose. This was associated
efficient delignification with partial hemicellulose removal,
and hence increase in crystallinity of the cellulose-enriched
fraction. The developed AHP pretreatment using the organic
base and co-solvent allowed high pretreatment efficiency un-
der mild reaction conditions leading to advantages on low

energy consumption and lower formation of toxic compound
during the pretreatment stepwith potential on solvent and base
recycling. This work presented a promising modified AHP
pretreatment for rice straw and other agricultural wastes for
further application in biomass conversion industry.

Highlights

& Amodified AHP process was reported for pretreatment of
rice straw.

& The effects of bases and solvents on efficiency of AHP
pretreatment were studied.

& The modified AHP using NH4OH and tert-butanol led to
83.0% glucose recovery.

& Physical characteristics of cellulose fraction were ana-
lyzed by SEM, XRD, and FTIR.
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