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» Wood biomass is treated with an IL
and IL is recovered prior to
enzymatic delignification.

» IL pretreatment improved the
delignification efficiency
significantly.

» The a-cellulose content of produced
fibers is as high as 73.1%.

» Obtained cellulose fibers had a
higher crystallinity and thermal
stability than untreated wood fibers.
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Separation of cellulose fibers (CFs) from woody biomass with minimal structural alteration using a
“green” and efficient method was achieved by treatment with the ionic liquid (IL), [emim][OAc] (1-
ethyl-3-methylimidazolium acetate) at 80 °C for 1 h. The IL was recovered by rinsing with water-acetone
mixture prior to treatment of the wood with Trametes sp. laccase in the presence of 1-hydroxybenzotri-

azole as a mediator. IL pretreatment did not significantly change the chemical composition of the wood,
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but did alter its structure and rendered its surface more accessible to the enzyme. Treated and untreated
samples were characterized by SEM, FTIR, XRD, TGA, and chemical methods. The cellulose content of the
produced fibers was approximately 73.1% and the lignin content was 9.8%, much lower than the lignin
content of 29.3% of the untreated wood. The cellulose fibers exhibited higher cellulose crystallinity and
better thermal stability compared to untreated wood materials.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Wood represents a carbon-neutral renewable resource for bio-
energy and biomaterials production. Wood is mainly composed
of the rigid semi-crystalline polysaccharide cellulose, the amor-
phous multicomponent polysaccharide hemicellulose and the
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amorphous aromatic polymer lignin. These three biopolymers are
the primary constituents of plant cell walls, in which cellulose fi-
bers are embedded in a cross-linked matrix of lignin and hemicel-
lulose, forming a tight and compact structure. Among these
biopolymers, cellulose has been used extensively as source of
raw materials for the production of biocompatible and biodegrad-
able materials/biocomposites; however, structural heterogeneity
and complexity of the cell-wall microfibrils in wood are the biggest
challenges to the clean separation of celluloses with minimal poly-
mer degradation.

Presently, physical (e.g., pyrolysis and mechanical disruption)
(Mosier et al., 2005), physico-chemical (e.g., steam explosion and
ammonia fiber explosion) (Hendricks and Zeerman, 2009; Gabriele
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et al.,, 2010), chemical (e.g., acid hydrolysis, alkaline hydrolysis and
oxidative delignification) (Zhao et al., 2008), and biological meth-
ods (Bak et al., 2009) have been investigated for extraction of cel-
lulose at laboratory and pilot-plant scales. Most of these methods
require high temperatures and pressures as well as highly concen-
trated chemicals for the cooking process. Sulfates and sulfite pul-
ping processes pose serious environmental hazards. Moreover,
high temperature-based cooking processes result in the production
of inhibitory chemicals and degradation products. Besides,
although biological treatment with enzymes can be performed un-
der mild reaction conditions, this approach is very slow in aqueous
systems, mainly due to the difficulties in enzyme accessibility to
the solid substrate and the poor solubility of lignin (Sousa et al.,
2009). It is therefore desirable to develop a wood pretreatment
process that is not only environmentally friendly but also efficient
and cost effective for wood conversion to cellulose with minimal
structural alteration.

Ionic liquids (ILs) represent nonvolatile, thermally stable, non-
flammable, and tunable designer solvents that can replace highly
volatile organic solvents (VOSs) in a wide range of applications
(MacFarlane and Seddon, 2007). Many ILs have been used to dis-
solve wood and other lignocellulosic biomass at high tempera-
tures, and cellulose rich materials and lignin can readily be
separated by the addition of a variety of precipitating solvents
(Kilpelainen et al., 2007; Mora-pale et al., 2011; Sun et al., 2009,
2011a; Wang et al,, 2011; Zavrel et al., 2009); however, significant
losses of cellulose and other carbohydrates and only partial delig-
nification have been observed (Sun et al., 2009). To address such
limitations, various approaches, including addition of ammonia
or oxygen during cooking (Rodriguez et al., 2011), using polyoxom-
atalate (POMs) catalysts (Sun et al., 2011b), and designing new
types of ILs (Wang et al., 2011) have been taken to enhance the del-
ignification of biomass. IL pretreatments reduce the degree of poly-
merization of the recovered cellulose-rich materials (Lee et al.,
2009), leading to enhanced enzymatic cellulose hydrolysis
(Nguyen et al., 2010; Shill et al., 2011); however, cellulose fibers
with a high degree of crystallinity are desirable as reinforcement
fibers in biocomposite applications to enhance stiffness, dimen-
sional stability, and fire, moisture diffusion, and thermal resistance.
Singh et al. (2009) reported that a short IL pretreatment of
switchgrass easily weaken the network of the cell wall components.
Thus, selective delignification of wood via biological pretreatment
of IL-swollen wood materials may be effective in isolating cellulose
fibers with a minimum of modification to their structure.

Enzymatic delignification efficiency can be improved by IL pre-
treatment of the wood biomass (Moniruzzaman and Ono, 2012). In
this one-step process, 10 wt.% wood chips in IL were cooked and an
aqueous solution containing laccase from Trametes sp. was added
directly to start delignification. Preliminary results indicated that
the enzymatic delignification efficiency of IL-swollen wood bio-
mass was higher than that of untreated materials. At the optimum
IL concentration, 50% delignified wood fibers were obtained. More
significantly, the cellulose fibers showed a higher degree of crystal-
linity than untreated wood fibers. This result provided the impetus
to design a process whereby wood was first treated with the IL,
[emim][OAc] (1-ethyl-3-methylimidazolium acetate), the IL was
recovered from the treated wood, and the wood was subjected to
enzymatic treatment. Chemical characterization of treated and un-
treated wood materials was performed to determine their cellu-
lose, hemicellulose, and lignin contents. Physical characteristics
including cellulose crystallinity, thermal stability, and wood cell
wall morphology were investigated using X-ray diffraction (XRD),
scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), and thermogravimetric analysis (TGA). Com-
mercial laccase, a copper-containing oxidase enzyme obtained
from white rot fungi, was selected as a biocatalyst because it can

degrade biomass lignin while leaving other components (e.g., cellu-
lose) virtually untouched (Blanchette, 1991).

2. Methods
2.1. Materials and reagents

Wood chips from hinoki cypress (Chamaecyparis obtusa) from
the Okayama Biomass Center, Japan were dried in an oven at
110 °C and atmospheric pressure. The IL, [emim][OAc] (1-ethyl-3-
methylimidazolium acetate) (>95%), was obtained from Ionic
Liquids Technologies GmbH (Heilbronn,Germany) and used as
received. Commercial laccase Y120 (EC.1.10.3.2, 1000 U/g) from
Trametes sp. was kindly supplied by Amano Enzyme Inc. (Nagoya,
Japan). 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diam-
monium salt (ABTS) (98%) and 1-hydroxybenzotriazole (HBT) were
obtained from Sigma (St. Louis, MO, USA). All other reagents used
in the experiments were analytical grade.

2.2. lonic liquid pretreatment and delignification

In a typical experiment, 0.4 g wood chips (110-550 uM) and
4.0 g IL were placed in a flask and heated at 80 °C in an oil bath
with magnetic stirring for 1 h. After cooling the wood-IL mixture
to RT, water-acetone (1:1 v/v) was added as an anti-solvent and
stirred at RT for 20 min to separate the solid materials from the
dissolved lignin and IL. After allowing the mixture to settle, the
treated wood, lignin, and IL were recovered as reported by Sun
et al. (2009). The treated wood was washed several times with dis-
tilled water to remove residual IL. Dried treated wood and sodium
acetate buffer (100 mM, pH 4.5) (ca. 5 wt.% biomass) were placed
in a three-neck flask and homogenized by ultrasonic homogenizer
(Sonic & Materials Inc.). Laccase (200 U/g biomass) was added to
the flask while 1-hydroxybenzotriazole (HBT) (1.5 wt.% of biomass)
was added as a mediator. Reactions were carried out at 50 °C with
0, bubbling and stirring, with or without IL. After 24 h, 0.1 M
NaOH was added and the mixture was stirred for 1 h to extract lig-
nin from the enzymatically delignified IL treated wood. The mix-
ture was filtered under mild vacuum and cellulose-rich wood
fibers (CRFs) were collected. To remove traces of NaOH, the CRFs
were washed with distilled water until the wash water became
neutral. The CRFs were oven dried at 70 °C and 0.1 MPa for 24 h
to constant weight.

2.3. Measurement of laccase activity and stability

Laccase activity was determined by oxidation of 2-2’-azino-bis-
(3-ethylbenzthiazoline-6-sulfonate) (ABTS). Stock laccase and
ABTS solutions were prepared in 0.1 M sodium acetate buffer at
pH 4.5. For enzymatic reactions, 20 pL laccase solution
(2mgmL~") was added to 1.96 mL buffer (with or without IL)
and the contents were gently shaken at 50 °C so that they were
combined with the reaction mixture at ambient temperature.
Finally, 20 pL of 50 mM ABTS buffer solution was added to
initiate the reaction. The change in absorbance at 420 nm
(€420=3.6 x 10* M~' cm™1) at 50 °C was recorded for 30 s and cat-
alytic activity was determined from the slope of the resulting kinetic
curve. The activity was expressed in relative units (%) where the
activity value in aqueous buffer solution was set as 100%.

To determine the stability, buffer solutions with 0, 2.5, or 5 wt.%
IL containing laccase were incubated in the absence of substrates
at 50 °C. After incubation, the samples were withdrawn at prede-
termined time intervals in order to measure the remaining enzyme
activity by the addition of substrate (ABTS). The stability of the en-
zyme was expressed as the residual activity, which was calculated
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as a percentage of the original activity (considered 100%), obtained
at t = 0 min incubation.

2.4. Characterization of untreated and treated materials

2.4.1. Chemical characterization of the materials

The o-cellulose and hemicellulose contents of the untreated
wood, IL treated wood and CRFs samples were analyzed as de-
scribed by Wise et al. (1946). Briefly, the holocellulose content
(o-cellulose + hemicelluloses) of the materials was determined
through treatment with an acidified sodium chlorite solution at
70 °C for 1 h, with the process repeated until the product became
white. Then, the o-cellulose content of the materials was deter-
mined by treatment with 6 wt.% sodium hydroxide at 80 °C over-
night to leach hemicelluloses. The difference between the values
of holocellulose and a-cellulose gave the hemicellulose content
of the materials. The lignin content of the materials was deter-
mined using TAPPI methods (TAPPI, 1991; TAPPI, 1998) using a
scaled-down process.

2.4.2. Morphology of treated and untreated wood materials

The morphology of the fibers was characterized using a scan-
ning electron microscope (SEM) (S-4700, Hitachi Ltd., Tokyo,
Japan). Samples were mounted on metal stubs with double-faced
tape, and coated with gold-palladium in a sputter coater (E1030
Ion Sputter, Hitachi Ltd.).

2.4.3. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the samples were recorded from a KBr disk
containing 1% finely ground sample on an IRPrestise-21 FTIR spec-
trophotometer (Shimadzu, Japan) in the range 4000-400cm !
with a resolution of 4 cm™!. Spectral outputs were recorded in
transmittance mode as a function of wave number.

2.4.4. Powder X-ray diffraction (PXRD)

The crystallinity of the untreated and treated wood materials
was investigated by powder X-ray diffractometry (PXRD), using a
XRD-6100 Diffraction System (Shimadzu, Japan). The diffraction
patterns were measured from 260 =8-40° with a scan speed of
0.1°min~! using Cu Ko radiation at 40 kV and 30 mA.

2.4.5. Thermal characterization

Thermogravimetric analysis was performed to compare the
degradation characteristics of the treated and untreated wood
materials. The thermal stability of each sample was determined
using a Pyris 1 thermogravimetric analyzer by heating 10 mg of
sample in a platinum pan at a rate of 10°C/min in a nitrogen
atmosphere.

3. Results and discussion
3.1. Chemical composition of untreated and IL treated wood materials

Pretreatment of the wood with IL was carried out under moder-
ate conditions (80 °C for 1 h) so that losses of major components of
the wood, particularly, cellulose, were minimized. Another aim
was to obtain IL treated wood containing cellulose with minimal
alteration of its crystallinity. It has been reported that the crystal-
linity of IL treated wood highly depends on time and temperature
of the IL pretreatment. Generally, elevated temperatures (100 °C or
higher) and longer pretreatment times lead to complete dissolu-
tion of wood biomass, and decreased crystallinity of the regener-
ated cellulose-rich materials (Labbe et al., 2012; Lucas et al,,
2011; Wang et al,, 2011). The chemical compositions of untreated
wood materials (UWMSs) and IL treated wood are compared in Ta-

ble 1. The wood biomass used in the present study had a composi-
tion comparable to that of typical soft-wood biomass. The yield of
wood after IL treatment was about 87% of the untreated wood bio-
mass weight. During IL treatment, swelling of wood cell walls oc-
curs due to breaking of some of the bonds between major
biopolymers in the wood matrix (Doherty et al., 2010; Lee et al.,
2009). Consequently, a small portion of the hemicellulose and lig-
nin is solubilized, resulting in the decrease of their content in the
wood material after IL treatment. Thus, compared with the un-
treated sample, wood fibers after IL treatment had somewhat high-
er cellulose content due to the removal of hemicellulose, lignin,
and water/IL/acetone soluble extractives during the pretreat-
ment/recovery processes.

3.2. Enzymatic delignification of recovered wood after IL treatment

To examine the effects of IL pretreatment on the subsequent
enzymatic delignification, the treated wood was subjected to bio-
logical pretreatment (at 50 °C for 24 h) using laccase. The reaction
was carried out using acetate buffer containing 2.5 wt.% IL [emi-
m][OAc]. This amount of IL was used during delignification because
it was found that, although the initial activity of laccase decreased
slightly in the presence of such an IL concentration, the stability of
the enzyme at 50 °C was enhanced significantly (Fig. 1). As shown
in Fig. 1B, laccase in aqueous medium retained 12.5% of its initial
activity after 24 h, whereas about 52% of its original activity was
retained in aqueous medium containing 2.5 wt.% IL over the same
time. The IL [emim][OAc] is composed of the kosmotropic anion
(CH5COO07) and the chaotropic cation ([emim]|*). It has been re-
ported that the presence of such an IL at low concentration en-
hances the stability of many enzymes in aqueous media
(Moniruzzaman et al., 2010a, 2010b; Shipovskove et al., 2008). An-
other possible advantage of including the IL is promotion of the
dissolution of substrates and products (Pu, 2007), resulting in bet-
ter process efficiency. To confirm these phenomena, the delignifi-
cation efficiency of treated wood in aqueous media without IL
was investigated. The results indicated that the cellulose fibers
contained 16.5 wt.% lignin, whereas only 9.8 wt.% lignin remained
in the fibers obtained from aqueous medium containing 2.5% IL. As
shown in Table 1, after the enzymatic delignification of treated
wood, the a-cellulose content of the obtained cellulose rich mate-
rials was increased from 41.2% to 73.1%, while hemicellulose and
lignin contents were decreased to 8.5% and 9.8%, respectively. This
outcome was as expected because IL pretreatment swells the wood
structure, allowing penetration of the enzyme deep into the wood
biomass for improved delignification. As shown in the process flow
chart, after the end of the enzymatic delignification, the sample
was diluted with 0.1 M NaOH to extract lignin. A portion of the
hemicellulose was also leached in this step as reflected in the
chemical composition of the finally produced CRFs. This chemical
compositional change in the wood fiber may result in a higher de-
gree of cellulose crystallinity and hence improved thermal proper-
ties and higher strength of the fibers.

3.3. Morphology of treated and untreated wood fibers

SEM images were taken to investigate the structure and mor-
phology of the untreated wood, IL treated wood, and CRF samples,
and are shown in Supplemental Figure. The surface of the un-
treated wood fibers was irregular due to the coating of the cellu-
lose fibers with lignin and other non-cellulosic substances
(Supplemental Fig. A). However, IL treated wood fibers (Supple-
mental Fig. B) had a relatively homogeneous macrostructure with
increased porosity, possibly due to the fusion of wood fibers during
IL pretreatment (Sun et al., 2009). This observation suggests that
pretreatment with IL may restructure the wood to provide a more
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Table 1
Chemical composition of the treated and untreated wood chips.?

Materials

o-cellulose (%)

Hemicelluloses (%) Total lignin (%)°

Untreated wood materials
IL treated wood materials
Cellulose rich fibers (CRFs) (IL + enzymatic treatment)

412+13
463 +2.1
73.1%£35

252+1.1 293+17
153+1.2 252+32
85+1.0 98+14

2 The data represent the average of three experiments with standard deviation.
b Total lignin = Klasion lignin + acid soluble lignin.
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Fig. 1. Activity and stability of laccase in aqueous buffer solution containing various
amounts of IL at 50 °C. (A) Relative percent activity of laccase in 100 mM sodium
acetate pH 4.5 as a function of IL concentration. The activity of enzyme in pure
buffer was taken as 100% activity. Activities plotted are averages of three
measurements. (B) Influence of IL on laccase stability: (a) laccase in aqueous
buffer, (b) laccase in buffer containing 2.5 wt.% IL, and (c) laccase in buffer
containing 5 wt.% IL. Data plotted here are averages of three measurements.

accessible surface area, leading to enhanced enzymatic delignifica-
tion. Interestingly, CRFs obtained from enzymatic delignification
have smooth and clean surfaces (data not shown) because most
of the non-cellulosic materials (e.g., lignin) were removed during
the IL and biological treatments. The wood cell networks composed
of cellulose, hemicellulose, and lignin were broken down and cel-
lulose fibers were partially separated into individual microsized fi-
bers (Supplemental Fig. D), as previously observed for cellulose
fibers obtained from wood by chemical pretreatment (Chen et al.,
2011).

3.4. Spectroscopic analysis of the untreated and treated wood fibers

To determine any chemical changes in the wood materials
occurring during IL pretreatment or enzymatic delignification, FTIR

spectra of the untreated, IL-treated, and CRF samples were ob-
tained and are compared in Fig. 2. The dominant peaks at
3346 cm™! (O-H stretch) and 2892 cm™! (C-H stretch) represent
aliphatic moieties. The prominent peak at 1731 cm™! in the un-
treated wood is attributed to a C=0 stretching vibration in acetyl
groups of the hemicelluloses (Labbe et al., 2005). After IL pretreat-
ment (Fig. 2, b), this peak disappeared, indicating that some of the
hemicellulose was removed in the recovery step. The characteristic
peaks of lignin at 1592/1503 (C=C stretching vibration), 1256 cm™!
(asymmetric bending in CH3), and 1251 cm™! (C-0 vibration in the
syringyl ring) (Labbe et al., 2005) remained in the IL treated sample
but with lower intensity when compared with those from the un-
treated sample. This decrease in intensity is due to partial removal
of lignin during IL treatment. The peaks disappeared after enzy-
matic delignification due to the removal of most of the lignin.
The absorbance bands at 1150, 1052 and 896 cm™!, corresponding
to C-O-C asymmetric bridge stretching vibration in cellulose/
hemicellulose, C-0 stretching vibration in cellulose/hemicellulose,
and C-H deformation vibration in cellulose, respectively, (Labbe
et al., 2005), were more resolved in the CRF sample, indicating that
the produced cellulose-rich wood fibers are richer in carbohy-
drates, consistent with the chemical composition study.

3.5. Crystallinity of untreated and treated wood fibers

Powder X-ray diffraction (PXRD) studies of the untreated wood
materials, IL treated wood fibers, and CRFs were conducted to
investigate the crystalline behavior of the fibers as shown in
Fig. 3. All three samples showed major intensity peaks related to
their crystalline structure at 20 values of around 15.5° and 22.2°,
indicating that IL pretreatment did not significantly change the
crystallinity of the wood fibers. The peak intensities of the IL trea-
ted sample were slightly increased compared to those of the un-
treated sample. This outcome is in contrast to that reported by
others who say a decrease in crystallinity upon IL pretreatment

L
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Fig. 2. FTIR spectra for (a) untreated wood materials, (b) IL treated wood materials
and (c) CRFs after enzymatic delignification of IL treated wood. Vertical solid lines
represent characteristic peaks of cellulose and hemicelluloses and vertical dashed
lines represent lignin.
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Fig. 3. Powder X-ray diffraction patterns for (a) untreated wood materials, (b) IL
treated wood materials and (c) CRFs after enzymatic delignification of IL treated
wood.

(Labbe et al., 2012; Lee et al., 2009; Lucas et al., 2011). A possible
explanation for the different results could be that crystalline re-
gions of the cellulose obtained in the present study were unaf-
fected but amorphous parts were partially destroyed during IL
pretreatment due to the mild pretreatment conditions (80 °C for
1 h). As shown in Fig. 3, the peaks around 20 =15.5° and 22.2°
are sharper for the enzymatically treated wood fibers, which is typ-
ical for the cellulose I (Alemdar and Sain, 2008). An increase in
number of crystallinity regions enhances the rigidity of cellulose,
and higher crystallinity in isolated cellulose fibers is associated
with higher tensile strength, which is expected to be beneficial
for producing high-strength composite materials (Bhatnagar and
Sain, 2005).

3.6. Evaluation of thermal properties by TGA analysis

Investigation of the thermal properties of natural fibers is
important to gauge their applicability for biocomposite processing,
in which the processing temperature for thermoplastic polymers
rises above 200 °C. TGA results obtained for untreated, IL treated,
and CRF wood chips are shown in Fig. 4. These results illustrate
that the thermal stability of the wood fibers increased after IL
treatment and further increased after enzymatic delignification.
After heating to 550 °C, fiber residue remained in all three samples,
indicating the presence of carbonaceous materials in the wood bio-
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20 p c

0 z z A 2
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Fig. 4. Thermogravimetric analysis for (a) untreated wood materials, (b) IL treated
wood materials and (c) CRFs after enzymatic delignification of IL treated wood.

mass in the nitrogen atmosphere (Sain and Panthapulakkal, 2006).
However, there was a difference between the amounts of fiber res-
idues remaining after heating to 550 °C in the treated and un-
treated wood fibers presumably due to partial removal of
hemicelluloses and lignin from the fibers and higher crystallinity
of the cellulose-rich materials. These results are consistent with
the results obtained from XRD studies.

4. Conclusions

A highly effective and clean pretreatment method for isolation
of cellulose fibers from wood biomass is described that results in
minimal structural alteration. The delignification efficiency of IL
treated wood was notably improved in the presence of 2.5 wt.%
IL in aqueous system. Although IL pretreatment did not signifi-
cantly change the cellulose chemical composition, crystal struc-
ture, or thermostability, it provided a more accessible surface
area, leading to enhanced enzymatic delignification. The cellulose
fibers had a higher degree of crystallinity and thermal stability
than those of the native wood fibers. The present approach may
be useful for isolation of cellulose fibers for composite, textile,
and other industrial applications.
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