Ang et al. Biotechnology for Biofuels 2012, 5:67
http://www.biotechnologyforbiofuels.com/content/5/1/67

S2 Biotechnology
for Biofuels

RESEARCH Open Access

Elucidation of the effect of ionic liquid
pretreatment on rice husk via structural analyses

Teck Nam Ang', Gek Cheng Ngoh'”, Adeline Seak May Chua' and Min Gyu Lee?

Abstract

and structure.

with varying extent of surface disruption and swelling.

chemical pretreatments.

Background: In the present study, three ionic liquids, namely 1-butyl-3-methylimidazolium chloride ([BMIM]CI),
1-ethyl-3-methylimidazolium acetate ([EMIM]OAC), and 1-ethyl-3-methylimidazolium diethyl phosphate ([EMIM]DEP),
were used to partially dissolve rice husk, after which the cellulose were regenerated by the addition of water. The
aim of the investigation is to examine the implications of the ionic liquid pretreatments on rice husk composition

Results: From the attenuated total reflectance Fourier transform-infrared (ATR FT-IR) spectroscopy, X-ray diffraction
(XRD) and scanning electron microscopy (SEM) results, the regenerated cellulose were more amorphous, less
crystalline, and possessed higher structural disruption compared with untreated rice husk. The major component of
regenerated cellulose from [BMIMICI and [EMIMIDEP pretreatments was cellulose-rich material, while cellulose
regenerated from [EMIM]JOAc was a matrix of cellulose and lignin. Cellulose regenerated from ionic pretreatments
could be saccharified via enzymatic hydrolysis, and resulted in relatively high reducing sugars yields, whereas
enzymatic hydrolysis of untreated rice husk did not yield reducing sugars. Rice husk residues generated from the
ionic liquid pretreatments had similar chemical composition and amorphousity to that of untreated rice husk, but

Conclusions: The structural architecture of the regenerated cellulose and rice husk residues showed that they
could be used for subsequent fermentation or derivation of cellulosic compounds. Therefore, ionic liquid
pretreatment is an alternative in the pretreatment of lignocellulosic biomass in addition to the conventional
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Background

The increasing demand for lignocellulosic feedstock
derived from commodity crops, such as cotton plant and
fiber wood crop, has prompted the need to prospect for
alternative renewable resources, such as agricultural
crop residues. These lignocellulosic crop residues are
generated worldwide in vast amounts. In the Asia-
Pacific region alone, approximately 1.2 billion tons of
crop residues are generated annually [1]. These crop
residues are inexpensive and are sustainable sources for
biofuel production. Some of the potential lignocellulosic
biomass used in bioconversion and their compositions
are summarized in Table 1.
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However, enzymatic saccharification of these untreated
crop residues leads to low reducing sugar yields. Hence,
pretreatment that disrupts the recalcitrant lignocellulosic
biomass is necessary to enhance the saccharification of
cellulose/hemicellulose into reducing sugars. Physical,
chemical and a combination of physical/chemical pre-
treatments are the commonly employed methods in
pretreating lignocellulosic biomass. Some of these meth-
ods require long residence times, high energy consump-
tion, and carry the risk of sugar degradation when
pretreatment is conducted at high temperatures [8,9]. In
consideration of these shortcomings, continual efforts
have been invested to explore alternative pretreatments,
one of which is via the application of green solvent -
ionic liquids that is reported in this study.

Ionic liquids with cellulose-dissolving ability offer a
novel solution for pretreating lignocellulosic biomass
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Table 1 Lignocellulosic biomass and their compositions

Biomass Content (%) Reference
Cellulose Hemicellulose Lignin
Alfalfa 33 18 8 [2]
Empty palm fruit bunch 60 22 18 [3]
Rice straw 36 17 23 [4]
Sugarcane bagasse 41 30 21 [5]
Sweet sorghum 36 18 16 [6]
Wheat straw 49 28 8 [7]

[10]. Various ionic liquids, such as 1-butyl-3-methyli-
midazolium chloride ([BMIM][CI]) [11], 1-ethyl-3-
methylimidazolium acetate ([EMIM][OAc]) [12], and
1-ethyl-3-methylimidazolium diethyl phosphate ([EMIM]
[DEP]) [13], have been applied as solvents in pretreat-
ment step before enzymatic saccharification to enhance
reducing sugars yield. Lignocellulosic biomass pretreated
with ionic liquid is favorable for subsequent enzymatic
hydrolysis due to their reduced cellulose crystallinity
and decreased lignin content [11,13-15]. Li et al. [12]
reported a significant improvement of reducing sugars
yield of 17-fold from enzymatic saccharification of ionic
liquid-pretreated switchgrass. In another study, enzym-
atic hydrolysis of ionic liquid-pretreated forest residues
too exhibited increment in reducing sugars yield [16].
Besides the significant improvement of yield, ionic liquids
are greener pretreatment media because they can be
recycled and reused in the dissolution process [17].

Rice husk (Oryza sativa) is one of the lignocellulosic
residues that have attracted much attention among
researchers due to its relatively high cellulose content
and its potential to be used in biofuel production. The
effects of acid and alkaline pretreatments on rice husk
have previously been reported by Ang et al. [18]. How-
ever, the application of ionic liquid pretreatments on rice
husk has not been reported elsewhere. To gain a greater
insight into ionic liquid pretreatment, the effect of ionic
liquids with different anionic groups on the structural
changes of rice husk was investigated. The structural
architecture studies were conducted on both the regen-
erated cellulose and the rice husk residues from ionic
liquid pretreatments.

Results and discussion

Dissolution of rice husk

In this study, the rice husk sample contained
53.18 +0.44% (w/w) cellulose, 4.63 +0.58% (w/w) hemi-
cellulose and 19.67 £ 0.28% (w/w) lignin [19]. Rice husk
is often used in “low value for money” applications; for
instance, it is either disposed as waste or burnt as fuel
[20,21]. Sometimes it is used as a low-cost filler in ani-
mal feeds [22] or as fertilizer [23]. By applying an

Page 2 of 10

appropriate pretreatment, rice husk with relatively high
cellulose content could be an attractive source for sac-
charification or derivatization into other useful products.

The effects of three ionic liquids ([BMIM]CI, [EMIM]
DEP and [EMIM]OAc) on the dissolution of rice husk
and subsequent regeneration of cellulose were investi-
gated. Previous study showed that prolong pretreatment
at high temperatures possesses the risk of degrading the
dissolved cellulose [24]. Thus, the current experimental
conditions (heating at 100°C for 10 hours) were selected
as a compromise to allow sufficient cellulose dissolution,
while minimizing the possibility of cellulose degradation
and also reducing energy for pretreatment.

From the observation, all the ionic liquids investigated
did not completely dissolve rice husk. The amount of
cellulose dissolved and subsequently regenerated from
the respective ionic liquids is shown in Figure 1. After
10 hours of heating, the acetate-based ionic liquid
[EMIM]OACc and chloride-based ionic liquid [BMIM]CI
produced 0.37 and 0.31 g regenerated cellulose/g rice
husk, respectively. Under the same pretreatment condi-
tions, [EMIM]DEP gave about 0.16 g regenerated cellu-
lose/g rice husk. All the reaction mixtures have dark
brown appearance after the dissolution process. The
color was imparted by the dissolved lignin of lignocellu-
losic matrix [13,15,24,25]. Dissolution of rice husk is
influenced by the interactions between anion of the ionic
liquid and hydroxyl group of the cellulose [11,15,26].
Anion of the ionic liquid acts as the hydrogen-bond ac-
ceptor in dissolution where it interacts specifically with
the hydroxyl protons of the cellulosic materials [27,28]
and facilitates the formation of hydrogen bonds between
cellulose and ionic liquid. Among the three ionic liquids,
the acetate-based [EMIM]OAc has higher hydrogen-
bond basicity [29], which explains its better dissolubility
than [BMIM]CI and [EMIM]DEP.

On the other hand, rice husk residues separated from
the reaction mixtures were swollen compared to the
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Figure 1 Cellulose regenerated from ionic liquid pretreatments.
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untreated rice husk. This is due to the diffusion of the
ionic liquids into the rice husk matrix that subsequently
facilitates the dissolution of the rice husk [30]. Among
the ionic liquids examined, rice husk residue from the
[EMIM]OAC pretreatment were the most severely swol-
len, whereas [BMIM]CI and [EMIM]DEP did not show
extensive swelling.

Structural characterization

ATR FT-IR analysis

In order to gain more insights into the effects of ionic
liquid pretreatments, studies on the chemical and struc-
tural characteristics of the regenerated cellulose and rice
husk residue are essential. The regenerated cellulose
from all the ionic liquids had altered chemical and struc-
tural characteristics compared to the untreated rice
husk. The structural changes of regenerated cellulose
were analyzed by ATR FT-IR spectroscopy in the region
of 600 — 4000 cm™, which is commonly used to study
the fine structural characteristics of cellulose [31,32].
The spectra of regenerated cellulose from the ionic
liquids and untreated rice husk are presented in Figure 2.
The absorption bands at 798, 1035, 1457, 1513, 1637,
2919, 3312, and 3750 cm™* in the spectrum of untreated
rice husk are associated with native rice husk lignocellu-
loses. Table 2 shows the group frequency of absorption
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Table 2 Group frequency of absorption bands of rice
husk and regenerated cellulose

Group frequency,  Origin Assignment Reference
wavenumber, cm™
800 — 950 C-H C-H deformation [34]
vibration in cellulose
~1035 C-O  C-O stretching vibration in [31]
cellulose/hemicellulose and 33]
aryl-OH group in lignin
[34]
~1457 C-H Asymmetric bending [34]
of CH;z and methoxy (-OCHs) (3]
groups present in lignin
[24]
~1513 C = C-C? Aromatic skeletal [35]
stretching in lignin 36]
~1637 O-H  O-H bending vibration of [31]
adsorbed water molecules
[37]
~2919 C-H  CH stretching in cellulose- [38]
rich material 39]
2995 — 4000 O-H  Free and hydrogen-bonded [40]
OH stretching (31]
[38]

9 C=C-Cis used as an approximation of the aromatic skeleton.

-

Transmittance, %
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Figure 2 ATR FT-IR spectra of regenerated cellulose and untreated rice husk. FT-IR spectral bands (cm™): (a) 3750; (b) 3312; (c) 2919;
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bands of untreated rice husk and their assignments. Both
cellulose/hemicellulose- and lignin-associated bands are
present in the spectrum of untreated rice husk, and this
suggests the presence of lignin-carbohydrate matrix in
rice husk. Spectra of all the regenerated cellulose show
the strongest absorption band at about 1035 cm™. This
band corresponds to the C-O stretching vibration in
both cellulose/hemicellulose and lignin, and it explains
the lignocellulosic nature of rice husk [31,33,34].
[EMIM]OAc showed the highest dissolution of rice
husk (Section ‘Dissolution of rice husk’), and its regener-
ated cellulose possessed all the absorption bands present
in the untreated rice husk. This clearly suggests that
[EMIM]OACc does not selectively dissolve cellulose, but
both cellulose and lignin in the rice husk lignocellulosic
matrix. This ionic liquid has been reported to be capable
of dissolving cellulose and lignin [41], and various ligno-
cellulosic biomass [24,41,42]. Furthermore, [EMIM]
OAc-treated cellulose showed higher intensity at band
797 cm’, indicating that the regenerated cellulose was
more amorphous than the untreated rice husk. The band
at about 800 cm™ is sensitive to the amount of amorph-
ous cellulose present in the regenerated material, where
broadening of this band indicates higher amorphousity
of the regenerated cellulose. The dissolution and subse-
quent regeneration of the hemicellulose fraction might
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contribute to higher degree of amorphousity of the
regenerated cellulose.

In comparison, the spectra of regenerated cellulose
from [BMIM]CI and [EMIM]DEP dissolution were dif-
ferent from the spectrum of the untreated rice husk,
where some absorption bands were absent. In the spec-
tra of regenerated cellulose of these two ionic liquid pre-
treatments, the band in the region of 800 — 950 cm™ is
broader implying a higher amount of disordered cellu-
losic structure [37,38]. The disorder of cellulosic struc-
ture is very likely caused by the deformation vibration of
B-glycosidic linkages and hydrogen bond rearrangement
[34,37]. In addition, [BMIM]CI- and [EMIM]DEP-regen-
erated cellulose exhibited reduced absorbance at
1035 cm™, which might have resulted from the degrad-
ation of cellulose/hemicellulose during heating. The deg-
radation shortens cellulose chains leading to the
reduction in C-O-C pyranose ring skeletal stretching
[39]. Moreover, the degradation of cellulose also reduced
C-H stretching at 2896 cm™ and free/hydrogen-bonded
OH stretching at 3312 cm™ of these regenerated cellu-
lose. The disappearance of absorption band at 1457 cm™
suggests the removal of lignin in regenerated cellulose of
[BMIM]CI and [EMIM]DEP.

The spectra of rice husk residues after ionic liquid dis-
solution were also recorded using ATR FT-IR (Figure 3).

Transmittance, %
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[EMIM]DEP

[EMIM]OAC

Untreated
rice husk

(e) 1457; (f) 1035; (g) 798.
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Wavenumber, cm-1
Figure 3 ATR FT-IR spectra of rice husk residues and untreated rice husk. FT-IR spectral bands (cm™: @) 3750; (b) 3312; (c) 2919; (d) 1637;
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All the absorption bands that occurred in the untreated
rice husk were present in the spectra of the rice husk resi-
dues, indicating that both have similar compositions. An
obvious change in intensity was observed in the band of
approximately 1035 cm™. The transmittance of this band
increased in all the rice husk residues compared to their
untreated counter-parts. This indicates that the rice husk
residues contained considerable amounts of cellulose/
hemicellulose, and possibly lignin, after the ionic liquid
pretreatments. Besides, this also implies that ionic liquid
pretreatment might dissolve components other than
cellulose/hemicellulose, whereby the relative cellulose/
hemicellulose content of rice husk residues increases pro-
portionately. The intensity of absorption band in the re-
gion 800 — 950 cm™ remains unchanged, signifying that
both the rice husk residues and untreated rice husk do
not vary very much in terms of amorphousity.

XRD analysis

The crystallinity of the rice husk samples was analyzed by
XRD. A less crystalline regenerated cellulose structures
was confirmed by XRD analysis with the occurrence of a
sharper peak at 20=18.7° compared with the untreated
rice husk [43]. The lower crystallinity index indicates a
higher amount of amorphous cellulose present in the
regenerated cellulose [44]. All the regenerated cellulose
has an estimated of 25% lower crystallinity index com-
pared to the untreated rice husk (Table 3). Among the
regenerated cellulose, cellulose regenerated from [EMIM]
DEP pretreatment gave the lowest crystallinity index
(32.0), followed by the regenerated cellulose of [EMIM]
OAc and [BMIM]CI pretreatments, which were 34.4 and
37.7, respectively. The results complemented and con-
firmed the findings of ATR FT-IR analysis reported previ-
ously, in which the cellulose regenerated from ionic
liquid pretreatments exhibited higher amorphousity.

Rice husk residues of [BMIM]CI and [EMIM]DEP pre-
treatments showed higher crystallinity index compared
with the untreated rice husk; rice husk residue of
[EMIM]OAC pretreatment showed slightly lower crystal-
linity index that is comparable to the untreated rice husk

Table 3 Crystallinity indexes of untreated rice husk,
regenerated cellulose and rice husk residue

Rice husk sample Crystallinity index
Untreated rice husk 46.0
Regenerated cellulose ((BMIM]CI) 37.7
Regenerated cellulose ([EMIM]OAC) 344
Regenerated cellulose ((EMIM]DEP) 320
Rice husk residue ([BMIMICI) 56.1
Rice husk residue ((EMIM]OAC) 39.1
Rice husk residue ([EMIM]DEP) 495
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(Table 3). The dissolution of amorphous cellulose/hemi-
cellulose of rice husk in ionic liquid, leaving the more
crystalline lignocellulosic matrix in the residue, might be
the main cause of the higher crystallinity index in rice
husk residues of both [BMIM]CI and [EMIM]DEP pre-
treatments. In contrast, the lower crystallinity of rice
husk residue of [EMIM]OACc pretreatment might be due
to the action of the ionic liquid that causes swelling to
the structure of rice husk.

SEM analysis

The structural morphology of cellulose regenerated from
the ionic liquids was examined by SEM (Figure 4). All
the regenerated cellulose showed rough and conglomer-
ate textures [14] and these ribbon-like fiber aggregates
were disorderly arranged in the matrix. The images of
SEM were in agreement with the findings of ATR FT-IR;
the organized structure commonly present in native lig-
nocellulosic biomass was absent [45], signifying that the
structure of the regenerated cellulose was more amorph-
ous. This also indirectly indicates that, with ionic liquid
pretreatment, crystallinity of the cellulose could be
reduced compared to the untreated rice husk.

The SEM images of the rice husk residues are shown
in Figure 5. Although the residues did not show much
changes in its lignocellulosic composition compared to
the untreated rice husk in the ATR FT-IR analysis, the
SEM images show that the surface structure of the rice
husk residues changed significantly. The untreated rice
husk was intact and had a rather smooth surface
(Figure 5a) while the surface of rice husk residues
appeared to be uneven and had cracks (Figure 5b, 5¢
and 5d). Rice husk residue from [EMIM]OAc-pretreat-
ment was the most severely disrupted followed by
[BMIM]CI- and [EMIM]DEP-pretreatments. The disrup-
tion of the residue surface might have been caused by
the solvating action of the ionic liquids, in which the
outer lignocellulosic matrix of rice husk was swelled and
dissolved in the ionic liquids. Rice husk residue from
[EMIM]OACc pretreatment demonstrated the most se-
vere swelling on the surface structure (Figure 5c) and
this pretreatment also gave the highest amount of regen-
erated cellulose in the dissolution and regeneration
study (Section ‘Dissolution of rice husk’). This indicates
that the dissolution and subsequent regeneration of cel-
lulose depend on the degree of swelling on the biomass.
The dissolution process was preceded by extensive swel-
ling of the rice husk matrix, which could be observed
from the swollen appearance of the rice husk residues.

Comparison of ionic liquid pretreatments

The quantitative yield of regenerated cellulose reported
in ‘Dissolution of rice husk’ indicates only the efficiency
of the ionic liquids in dissolving rice husk. Information
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Figure 4 SEM images of regenerated cellulose from (a) [BMIMICI, (b) [EMIM]OAc, and (c) [EMIM]DEP pretreatments.

on structural characterization of the regenerated cellulose
as well as the rice husk residues is helpful in the selection
of a suitable ionic liquid pretreatment for lignocellulosic
biomass. The ATR FT-IR and SEM analyses suggested
that regenerated cellulose of the ionic liquid pretreat-
ments comprise of cellulose-rich materials, which were
more amorphous compared to the untreated rice husk.

According to the XRD analysis, regenerated cellulose of
the ionic liquid pretreatments had comparable crystallin-
ity, with cellulose regenerated from [EMIM]DEP and
[EMIM]OAC pretreatments showing a lower crystallinity.

Apart from the regenerated cellulose, rice husk
residues from the ionic liquid pretreatments could be
potential substrates for bioconversion into valuable

10

pretreatments.

Figure 5 SEM images of (a) untreated rice husk and rice husk residues of (b) [BMIM]CI, (c) [EMIM]OAc, and (d) [EMIMIDEP
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compounds. The disrupted surface structure of the
rice husk residues were favorable for solid-state fer-
mentation, where it facilitates microbial growth by
allowing access of microbes to the lignocellulosic
matrix. SEM investigation demonstrated surface struc-
ture disruption of the rice husk residues after ionic
liquid pretreatments, whereby [EMIM]OAc-treated
rice husk residue showed the highest degree of struc-
tural disruption, followed by rice husk residues of
[BMIM]CI and [EMIM]DEP pretreatments. Besides,
rice husk residue of [EMIM]OAc was found to have
lower crystallinity after pretreatment compared to the
other two ionic liquids. Nonetheless, chemical com-
positions of the rice husk residues remain relatively
the same as those of the untreated rice husk.

The findings of structural characterization suggested
that regenerated cellulose of [EMIM]OAc is amorphous
and has low crystallinity, whereas its rice husk residue
showed rigorously disrupted structure with reduced
crystallinity. Therefore, [EMIM]OAC is a potential ionic
liquid for the pretreatment of rice husk.

Enzymatic hydrolysis of regenerated cellulose and untreated
rice husk

To confirm the digestibility of the regenerated cellulose
from ionic liquid pretreatment, enzyme hydrolysis of the
regenerated cellulose were carried out. Figure 6 shows
the reducing sugars yields of the regenerated cellulose
after enzymatic hydrolysis. Among the ionic liquids
investigated, [EMIM]OAc-regenerated cellulose pos-
sessed the highest reducing sugars yield (42.1%) followed
by [EMIMI]DEP (39.9%) and [BMIM]Cl (28.6%). The
higher yield from enzymatic hydrolysis of [EMIM]OAc-

60

50 -

7
20 /

Reducing sugars yield (%)

[BMIMICI [EMIMOAG [EMIMIDEP

Regenerated cellulose from ionic liquid pretreatment

Figure 6 Reducing sugars yields of cellulose regenerated from
different ionic liquids. Enzymatic hydrolysis conditions: substrate
consistency, 2%; cellulase activity, 50 FPU/g regenerated cellulose;
incubation, 50°C for 48 hours.
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regenerated cellulose was in line with the observations
of structural analysis which indicated a more disrupted
and amorphous structure. Although [EMIM]DEP dis-
solves rice husk the least among the ionic liquids studied,
cellulose regenerated from [EMIM]DEP pretreatment has
better digestibility than [BMIM]CI, which is well reported
for its cellulose dissolution ability [14]. The better digest-
ibility demonstrated by [EMIM]DEP might be due to its
ability to delignify rice husk. It was also found that en-
zymatic hydrolysis of untreated rice husk did not produce
detectable reducing sugars.

Conclusions

Besides acid and alkaline pretreatments, ionic liquid pre-
treatment can be used for pretreating lignocellulosic bio-
mass. This study found that the chemical composition of
the regenerated cellulose varies with the type of ionic li-
quid used. The ionic liquids [BMIM]CI and [EMIM]DEP
delignified the lignocellulosic rice husk, indicating their
potential to be used in producing regenerated cellulose
for enzymatic saccharification or cellulose derivatives. On
the other hand, [EMIM]OAc dissolved the entire ligno-
celluloses and imparted surface structure disruption on
the regenerated cellulose that is desired for subsequent
fermentation or derivation of cellulosic compounds. The
regenerated cellulose were more amorphous and had
lower crystallinity compared with the untreated rice husk,
whereas the rice husk residues showed a certain degree of
structural disruption. The study also demonstrated that
enzymatic hydrolysis of the regenerated cellulose resulted
in higher yield compared to the untreated rice husk. Both
the regenerated cellulose and rice husk residue revealed
desirable structural changes in this study, which sug-
gested that ionic liquid pretreatment is beneficial for con-
version into value-added products. It is also essential to
select a suitable ionic liquid pretreatment depending on
the final application of the regenerated cellulose and rice
husk residue.

Methods

Material and reagents

Rice husk samples were obtained from Selangor, Malaysia.
The rice husk was first washed and dried before being
ground to approximately 30 mesh sizes (500 pm). Ground
rice husk samples were stored in a dry cabinet prior to
use.

The ionic liquid 1-butyl-3-methylimidazolium chloride
([BMIM]CI) was purchased from Merck (Germany),
while 1-ethyl-3-methylimidazolium acetate ([EMIM]OAC)
and 1-ethyl-3-methylimidazolium diethyl phosphate
((EMIM]DEP) were purchased from Sigma-Aldrich
(USA). The ionic liquids were used without further puri-
fication. Their chemical structures are illustrated in
Figure 7.
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Cellulase from Trichoderma viride (Cellulase Onozuka
R-10, catalogue # 102321) was purchased from Merck
(Germany). The CMC activity of the Cellulase Onozuka
R-10 was reported to be>1 U/mg. The IUPAC Filter
Paper Assay was determined according to the procedure
outlined by Ghose [46]. All the chemicals and reagents
used were of analytical grade.

Dissolution of rice husk

In ionic liquid pretreatment, a rice husk-ionic liquid
mixture in a ratio of 1.5% (w/v) was heated to 100°C and
pretreated for 10 hours in a block heater (HACH
DRB200, USA). At the end of the pretreatment, the reac-
tion mixture consisted of ionic liquid-dissolved cellulose
and undissolved rice husk (hereafter called rice husk
residue). The dissolution of rice husk was carried out in
triplicate.

Cellulose regeneration and residue separation

After the dissolution, an equal volume of deionised
water (Sartorius, arium® 611UF, Germany) was added to
the clear reaction mixture to precipitate regenerated cel-
lulose before the rice husk residue was filtered according
to the procedure as outlined by Ang et al. [19]. The
cellulose-rich material (henceforth called regenerated
cellulose) precipitated from the mixture was filtered.
Both the regenerated cellulose and rice husk residue
were washed with deionised water to remove the ionic
liquid completely, and dried in an oven at 60°C prior to
analyses.

Structural characterization

ATR FT-IR analysis

The ATR FT-IR spectra of the samples between 600 and
4000 cm™ at 4 c¢cm' nominal resolution at room
temperature were recorded using a FT-IR/FT-FIR spectrom-
eter (Perkin Elmer, Spectrum 400, USA). The spectra are
presented as relative transmittance percentage (%) of wave
number (cm™) and their background was recorded with an
empty cell.

XRD analysis

XRD diffractogram of the rice husk samples was
acquired with D8 Advance X-Ray Diffractometer (Bruker
AXS, USA). The samples were scanned in the range of
10 — 80° (26) with a step size of 0.02° and step time of

1 s at 40 kV and 40 mA under ambient temperature.
Crystallinity index (Crl) of the rice husk samples was
computed by using Equation (1) [47].

_ doo2 — Iam

Crl x 100

(1)
002
where Iy, = maximum intensity of crystalline portion
in rice husk sample at about 26 =22.6°, I, = intensity
attributed to the amorphous portion of rice husk sample
at 26 =~18.7".

SEM analysis

SEM images were obtained with a Quanta 200 FESEM
(FEL, USA) scanning electron microscope operated at
10 kV accelerating voltage. The samples obtained in the
dissolution of rice husk and regeneration of cellulose
were affixed onto aluminum stubs with double sided ad-
hesive carbon tapes and examined without metal-coating
under low vacuum mode.

Enzymatic hydrolysis

Regenerated cellulose from the ionic liquid pretreat-
ments was hydrolyzed using Cellulase Onozuka R-10
with a loading of 50 FPU/g substrate. Enzymatic hy-
drolysis of rice husk samples was carried out in 50 mM
acetate buffer solution (pH 4.8) at 50°C for 48 h [5].
After the reaction, the samples were centrifuged at
10,000 g for 3 minutes. The concentration of total redu-
cing sugars in supernatant was determined via DNS
method [46,48]. The total reducing sugars yield obtained
from enzymatic hydrolysis was computed according to
Li et al. [13]. All the experiments were conducted in
duplicate.

Abbreviations

[BMIM]CI: 1-butyl-3-methylimidazolium chloride; [EMIM]DEP: 1-ethyl-3-
methylimidazolium diethyl phosphate; [EMIM]JOAC: 1-ethyl-3-
methylimidazolium acetate; ATR FT-IR: Attenuated total reflectance Fourier
transform-infrared; SEM: Scanning electron microscopy; XRD: X-ray diffraction.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

GCN, ASMC, and MGL (supervisors) conceived the study. TNA carried out the
pretreatment experiments and analyses, and drafted the manuscript. GCN
and ASMC participated in the test design and supervision, and helped to
draft the manuscript. MGL provided ideas on the methodology and
proofread the manuscript. Al authors read and approved the final
manuscript.



Ang et al. Biotechnology for Biofuels 2012, 5:67
http://www.biotechnologyforbiofuels.com/content/5/1/67

Acknowledgements

This work was financially supported by the University of Malaya Research
Grant (RGO06/09AET) and the University of Malaya Postgraduate Research
Grant (PS059/2009A and PV076/2011B). The authors are grateful to Ng
Trading Company, Selangor, Malaysia for providing the rice husk samples.

Author details

'Department of Chemical Engineering, Faculty of Engineering, University of
Malaya, 50603, Kuala Lumpur, Malaysia. “Division of Applied Chemical
Engineering, Pukyong National University, Busan 608-739, South Korea.

Received: 26 March 2012 Accepted: 3 August 2012
Published: 7 September 2012

References

1. ESCAP: Agricultural biomass energy technologies for sustainable rural
development. In Proceeding of the Expert Group Meeting on Utilization of
Agricultural Biomass as an Energy Source, July 16-19. New York: United
Nations; 1997.

2. Koegel RG, Sreenath HK; Straub RJ: Liquid hot water (LHW) pretreatment
of alfalfa fiber destined for ethanol production. In Proceedings of American
Society of Agricultural Engineers Symposium; Saint Joseph, MI. 1997:25-27.

3. Misson M, Haron R, Kamaroddin MFA, Amin NAS: Pretreatment of empty
fruit bunch for production of chemicals via catalytic pyrolysis. Bioresource
Technol 2009, 100:2867-2873.

4. Zhu'S,Wu 'Y, Yu Z, Zhang X, Li H, Gao M: The effect of microwave
irradiation on enzymatic hydrolysis of rice straw. Bioresource Technol 2006,
97:1964-1968.

5. Yoon LW, Ang TN, Ngoh GC, Chua ASM: Regression analysis on ionic
liquid pretreatment of sugarcane bagasse and assessment of structural
changes. Biomass Bioenerg 2012, 36:160-169.

6. Mok WS-L, Antal MJJ: Uncatalyzed solvolysis of whole biomass
hemicellulose by hot compressed liquid water. Ind Eng Chem Res 1992,
31:1157-1161.

7. Saha BC, Iten LB, Cotta MA, Wu YV: Dilute acid pretreatment, enzymatic
saccharification and fermentation of wheat straw to ethanol. Process
Biochem 2005, 40:3693-3700.

8. Chandra RP, Bura R, Mabee WE, Berlin A, Pan X, Saddler JN: Substrate
pretreatment: the key to effective enzymatic hydrolysis of
lignocellulosics. Adv Biochem Eng Biotechnol 2007, 5:904-910.

9. SunY, Cheng J: Hydrolysis of lignocellulosic materials for ethanol
production: a review. Bioresource Technol 2002, 83:1-11.

10.  Yang Z, Pan W: lonic liquids: green solvents for nonaqueous biocatalysis.
Enzym Microb Tech 2005, 37:19-28.

11. Dadi AP, Varanasi S, Schall CA: Enhancement of cellulose saccharification
kinetics using an ionic liquid pretreatment step. Biotechnol Bioeng 2006,
95:904-910.

12. Li C, Knierim B, Manisseri C, Arora R, Scheller HV, Auer M, Vogel KP,
Simmons BA, Singh S: Comparison of dilute acid and ionic liquid
pretreatment of switchgrass: biomass recalcitrance, delignification and
enzymatic saccharification. Bioresource Technol 2010, 101:4900-4906.

13. LiQ HeY, Xian M, Jun G, Xu X, Yang J, Li L: Improving enzymatic
hydrolysis of wheat straw using ionic liquid 1-ethyl-3-methyl
imidazolium diethyl phosphate pretreatment. Bioresource Technol 2009,
100:3570-3575.

14.  Swatloski RP, Spear SK, Holbrey JD, Rogers RD: Dissolution of cellulose with
ionic liquids. / Am Chem Soc 2002, 124:4974-4975.

15. Zhao H, Jones CL, Baker GA, Xia S, Olubajo O, Person VN: Regenerating
cellulose from ionic liquids for an accelerated enzymatic hydrolysis.

J Biotechnol 2009, 139:47-54.

16.  Pezoa R, Cortinez V, Hyvarinen S, Reunanen M, Hemming J, Lienqueo ME,
Salazar O, Carmona R, Garcia A, Murzin DY, Mikkola J-P: Use of ionic liquids
in the pretreatment of forest and agricultural residues for the
production of bioethanol. Cellul Chem Technol 2010, 44:165-172.

17. Zhu S, Wu Y, Chen Q, Yu Z, Wang C, Jin S, Ding Y, Wu G: Dissolution of
cellulose with ionic liquids and its application: a mini review. Green Chem
2006, 8:325-327.

18. Ang TN, Ngoh GC, Chua ASM: Pre-treatment of rice husks for fungal
fermentation. Int J Chem Eng 2009, 2:197-202.

19. Ang TN, Yoon LW, Lee KM, Ngoh GC, Chua ASM, Lee MG: Efficiency of ionic
liquids in the dissolution of rice husk. BioResources 2011, 6:4790-4800.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

39.

40.

41.

42.

Page 9 of 10

Muthadhi A, Anitha R: Rice husk ash - Properties and its uses: a review.
IE(l) J - CV 2007, 88:50-56.

Pang PK, Ibrahim D, Poppe L, Szakacs G, Che Omar I: Production of
cellulolytic enzymes by a newly isolated, Trichoderma sp. FETL ¢3-2 via
solid state fermentation grown on sugar cane bagasse: palm kernel cake
as substrates. Pakistan J Biol Sci 2006, 9:1430-1437.

Khajarern J, Khajarern S: Manual of feed microscopy and quality control. 3rd
edition. Khon Kaen, Thailand: American Soybean Association and US Grains
Council; 1999.

Ebaid RA, El-Refaee IS: Utilization of rice husk as an organic fertilizer to
improve productivity and water use efficiency in rice fields. In 8" African
Crop Science Society Conference; 27-31 October 2007. El-Minia, Egypt: African
Crop Science Society; 2007:1923-1928.

Sun N, Rahman M, Qin Y, Maxim ML, Rodriguez H, Rogers RD:
Complete dissolution and partial delignification of wood in the
ionic liquid 1-ethyl-3-methylimidazolium acetate. Green Chem 2009,
11:646-655.

Jagadeeswara Rao C, Venkatesan KA, Nagarajan K, Srinivasan TG, Vasudeva
Rao PR: Treatment of tissue paper containing radioactive waste and
electrochemical recovery of valuables using ionic liquids. Electrochim Acta
2007, 53:1911-1919.

Kosan B, Michels C, Meister F: Dissolution and forming of cellulose with
ionic liquids. Cellulose 2008, 15:59-66.

Ha SH, Mai NL, An G, Koo Y-M: Microwave-assisted pretreatment of
cellulose in ionic liquid for accelerated enzymatic hydrolysis. Bioresource
Technol 2011, 102:1214-1219.

Remsing RC, Swatloski RP, Rogers RD, Moyna G: Mechanism of cellulose
dissolution in the ionic liquid 1-n-butyl-3-methylimidazolium chloride: a
13C and ***’Cl NMR relaxation study on model systems. Chem Comm
2006, (12):1271-1273.

MacFarlane DR, Pringle JM, Johansson KM, Forsyth SA, Forsyth M: Lewis
base ionic liquids. Chem Comm 2006, (18):1905-1917.

Brandt A, Hallett JP, Leak DJ, Murphy RJ, Welton T: The effect of the ionic
liquid anion in the pretreatment of pine wood chips. Green Chem 2010,
12:672-679.

Hurtubise FG, Krassig H: Classification of fine structural characteristics in
cellulose by infrared spectroscopy. Anal Chem 1960, 32:177-181.

Nelson ML, O'Connor RT: Relation of certain infrared bands to cellulose
crystallinity and crystal lattice type. Part Il. A new infrared ratio for
estimation of crystallinity in celluloses I and Il. J Appl Polymer Sci 1964,
8:1325-1341.

Guo GL, Chen WH, Chen WH, Men LC, Hwang WS: Characterization of
dilute acid pretreatment of silvergrass for ethanol production. Bioresource
Technol 2008, 99:6046-6053.

Labbe N, Rials TG, Kelley SS, Cheng ZM, Kim JY, Li Y: FT-IR imaging and
pyrolysis-molecular beam mass spectrometry: new tools to investigate
wood tissues. Wood Sci Tech 2005, 39:61-77.

Coates J: Interpretation of infrared spectra, a practical approach. Chichester:
John Wiley & Sons Ltd; 2000.

Hsu TC, Guo GL, Chen WH, Hwang WS: Effect of dilute acid pretreatment
of rice straw on structural properties and enzymatic hydrolysis.
Bioresource Technol 2010, 101:4907-4913.

Proniewicz LM, Paluszkiewicz C, Weselucha-Birczynska A, Majcherczyk H,
Baranski A, Konieczna A: FT-IR and FT-Raman study of hydrothermally
degradated cellulose. J Mol Struct 2001, 596:163-1609.

Oh SY, Yoo DI, Shin Y, Seo G: FTIR analysis of cellulose treated with
sodium hydroxide and carbon dioxide. Carbohydr Res 2005,
340:417-428.

Liu CF, Sun RC, Zhang AP, Ren JL: Preparation of sugarcane bagasse
cellulosic phthalate using an ionic liquid as reaction medium. Carbohydr
Polymer 2007, 68:17-25.

O'Connor RT, DuPre EF, Mitcham D: Applications of infrared absorption
spectroscopy to investigations of cotton and modified cottons. Part I:
Physical and crystalline modifications and oxidation. Textil Res J 1958,
28:382-392.

Lee SH, Doherty TV, Linhardt RJ, Dordick JS: lonic liquid-mediated selective
extraction of lignin from wood leading to enhanced enzymatic cellulose
hydrolysis. Biotechnol Bioeng 2009, 102:1368-1376.

Zavrel M, Bross D, Funke M, Buchs J, Spiess AC: High-throughput screening
for ionic liquids dissolving (ligno-)cellulose. Bioresource Technol 2009,
100:2580-2587.



Ang et al. Biotechnology for Biofuels 2012, 5:67
http://www.biotechnologyforbiofuels.com/content/5/1/67

43.

44,

45,

46.

47.

48.

Kumar R, Mago G, Balan V, Wyman CE: Physical and chemical
characterizations of corn stover and poplar solids resulting from leading
pretreatment technologies. Bioresource Technol 2009, 100:3948-3962.

Kuo C-H, Lee C-K: Enhancement of enzymatic saccharication of cellulose
by cellulose dissolution pretreatments. Carbohydr Polymer 2009, 77:41-46.
Cuissinat C, Navard P, Heinze T: Swelling and dissolution of cellulose, Part
V: cellulose derivatives fibres in aqueous systems and ionic liquids.
Cellulose 2008, 15:75-80.

Ghose TK: Measurement of cellulase activities. Pure Appl Chem 1987,
59:257-268.

Segal L, Creely JJ, Martin AE Jr, Conrad CM: An empirical method for
estimating the degree of crystallinity of native cellulose using the X-ray
diffractometer. Textil Res J 1959, 29:786-794.

Miller GL: Use of dinitrosalicylic acid reagent for determination of
reducing sugar. Anal Chem 1959, 31:426-428.

doi:10.1186/1754-6834-5-67

Cite this article as: Ang et al.: Elucidation of the effect of ionic liquid
pretreatment on rice husk via structural analyses. Biotechnology for
Biofuels 2012 5:67.

Page 10 of 10

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Dissolution of rice husk
	Structural characterization
	ATR &b_k;FT-&e_k;&b_k;IR&e_k; analysis
	XRD analysis
	SEM analysis
	Comparison of ionic liquid pretreatments
	Enzymatic hydrolysis of regenerated cellulose and untreated rice husk


	Conclusions
	Methods
	Material and reagents
	Dissolution of rice husk
	Cellulose regeneration and residue separation
	Structural characterization
	ATR &b_k;FT-&e_k;&b_k;IR&e_k; analysis
	XRD analysis
	SEM analysis
	Enzymatic hydrolysis


	Competing interests
	Authors´ contributions
	Acknowledgements
	Author details
	References

