Waste and Biomass Valorization (2020) 11:1755-1764
https://doi.org/10.1007/512649-018-00547-z

ORIGINAL PAPER

@ CrossMark

Deconstruction of Pine Wood (Pinus sylvestris) Recalcitrant Structure
Using Alkali Treatment for Enhancing Enzymatic Saccharification
Evaluated by Congo Red

Dhirendra Nath Barman' - Md. Azizul Haque? - Md. Murad Hossain' - Shyamal Kumar Paul® - Han Dae Yun*?®

Received: 27 November 2017 / Accepted: 14 December 2018 / Published online: 18 December 2018
© Springer Nature B.V. 2018

Abstract

Purpose The changes of pine wood structure were evaluated based on Congo red (CR) adsorption in this study. Cellulose
free —OH group act as electron acceptor and CR amino or azo group as electron donor that interacts each other to form
H-bonds. This interaction of CR with cellulose is considered in this study to analyze the structural changes of pine wood.
Methods Pine wood samples were treated with different concentrated NaOH solution at 130 °C for 30 min. CR adsorption
of treated samples were assayed in terms of absorbance decrease of CR solution measured by spectrophotometer. Field emis-
sion scanning electron microscopy (FE-SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD)
were used to evaluate the microstructural changes of treated samples. Finally enzymatic saccharification was carried out
using commercial cellulase enzyme.

Results Treatment of pine wood with alkali degrades the intra and/or intermolecular H- bonds of cellulose leading to an
exposure of free —OH groups. These free —OH groups bind with CR molecule while in contact with CR solution. Structural
change of pine wood caused by different NaOH (0 to 20%) treatment at 130 °C for 30 min was evaluated in terms of CR
adsorption. Scanning electron microscopy and Fourier transform infrared spectroscopy studies showed that 10% NaOH
treated sample exposed more cellulose fibers compared to other treatments leading to more CR binding. The cellulose crys-
talline index was increased with increasing NaOH-treatments and lowered by the 20% NaOH-treatment due to degradation
of cellusose fibres. Moreover, after 72 h, reducing sugar yield was 76.5% and 70.7% using enzyme loading of 15FP U/g and
30CB U/g from 10% and 20% NaOH treated pine wood samples, respectively. Reducing sugar yield was decreased from
samples while treating more than 10% NaOH solution.

Conclusion 10% NaOH treatment can be considered as an effective concentration for pine wood treatment at 130 °C for
30 min. These results suggest that CR approach is supposed to be helpful for selecting the treatment condition.
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Statement of Novelty

So far we concern, this is the first study to evaluate the
structural changes of NaOH treated biomass using CR
and treatment condition selection using CR will open up
a novel approach for the researcher.

Introduction

The depletion of fossil fuel reserves has led to increas-
ing interest in liquid bio-fuel from renewable biomass [1].
Biomass-based fuels could be generated from lignocellu-
losic biomass, such as woody crops, agricultural residues,
and wastes. Among the lignocellulosic biomass, wood is
a suitable benchmark fuel, because there is often obtained
high bio-oil yields with wood and the potential of bioetha-
nol production from Jabon wood has been evaluated [2].
During the last decades chemical modification of wood
cellulose structure has come into view as it is a promising
source of alternative energy such as bioethanol. Wood is
the most abundant lignocellulosic resources on the world.
Pine are evergreen, coniferous, and fast-growing resinous
trees which are widely grown in most temperate regions
in relatively dense stands and can be a promising source
for lignocelluloses for bioethanol [3]. However, carbohy-
drates in lignocellulosic residues are found within a strong
reticular network [4], therefore pretreatment of lignocel-
luloses materials are necessary to reduce the recalcitrance
by removing its lignin shell for bioethanol production. Due
to its resistant structure native lignocelluloses cannot be
degraded by cellulase. Therefore, an appropriate pretreat-
ment is needed to improve the accessibility of the cellulose
by breaking down its tight and recalcitrant matrix [5]. Sev-
eral classes of organic solvents and ligninolytic pretreat-
ment using enzyme were reported for swelling of com-
pressed fibers and wood. Compared to other pretreatment
methods; alkali pretreatment uses lower temperature and
pressure [6—8]. However, very few reports have been pub-
lished regarding the alkali treatment of pinewood. Pretreat-
ment with alkali catalyst hydrolyzes ester bonds that cross-
link lignin to hemicellulose making the polysaccharides
more accessible to enzymes for hydrolysis [9]. Cellulose is
the most abundant biopolymer on earth and it holds great
potential as an alternative source of valuable chemicals
and fuels. Although the cellulose chain contains numerous
H-bonding hydroxyl groups, this polysaccharide is com-
pletely insoluble in water under normal conditions [10]. It
is crucial to improve the solubility of cellulose for efficient
saccharification. Sodium hydroxide is a simple chemical
that can swell cellulose in a certain concentration. The
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dissolution mechanism is that soda hydrates penetrate the
amorphous region of cellulose, and destruct the nearby
crystalline regions by destroying inter and intra-hydrogen
bonds between cellulose molecules [11]. Recently, cel-
lulose microfibril swelling enzyme which enhances cel-
lulose hydrolysis has been isolated from Bacillus sp. AY8
[12]. Moreover, recombinant swollenin had been used for
disrupting the H-bonds that caused amorphogenesis of
cellulose [13]. In the semicrystalline polymers, dyeing is
possible at the amorphous areas and the surfaces of the
crystalline phase [14]. Since Congo red (CR) molecule is
smaller, about 2.5 nm, than the micropore diameter, there-
fore it can be absorbed into micropores, macropores, and
to the external surfaces of the fibers of wood pulp, micro-
fibrilated cellulose pulp from wood and bacterial cellu-
lose samples. Consequently, CR was used to determine the
specific surface area (SSA) of cellulose microfibrils [15].
Besides, CR adsorption technique was used to measure the
amount of cellulose on woody biomass [16]. In addition,
CR had been useful for the assay of cellulase enzymes for
its binding affinity with cellulose [17]. Cellulase degrades
the cellulose p (1-4) glycosidic chain. As a consequence,
the adsorbed CR released and formed a clear hollow zone
on agar media plate [18]. Meanwhile, Haft et al. reported
the application of CR for quantitative measurement of cel-
lulose degradation [19].

There are various ways CR may interact with surface of
cellulose fibers, for instance: by electrostatic forces through
the sulfonic groups, by H-bonding through the azo and
amino groups, and by hydrophobic interactions through
the conjugated Il-electron system [20]. This dye could be
adsorbed on the surface of cellulose by electrostatic interac-
tion between —SO; groups of CR and —OH groups of cellu-
lose and hydrogen bonding of -NH, group of CR with ether
oxygen atom of cellulose [21]. According to Venkataraman,
CR binds mainly to primary alcohol groups of cellulose and
does not react with aldehyde groups and H-bond plays an
important role in the CR adsorption on cellulose fibers [22,
23].

In particular, cellulose with free -OH group in the amor-
phous area, generated by degrading the H-bonds of crystal-
line area, may act as electron acceptor and CR amino or azo
group as electron donor to make the H-bonds. This inter-
action of CR with cellulose through H-bond formation is
considered in this study to analyze the structural changes
of pine wood caused by alkali treatment. The pine wood is
treated with varying concentrations of NaOH at 130 °C for
30 min. The treated samples were characterized in terms of
microstructural changes by FTIR and XRD and compared
those with untreated one and morphological changes were
observed by using SEM. Enzymatic saccharification was
also carried out for the treated samples using commercial
enzymes to determine the efficiency of CR approach. So
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far we concern, this is the first study about the structural
changes of wood evaluated by CR. Therefore, this study
opens up a novel approach for easy determination of treat-
ment condition for biomass using CR.

Materials and Methods
Materials

Commercial chips of pine tree were purchased from local
market, Korea. The chips were dried and milled with a
Thomas Wiley (model 4) mill and sieves to give particles of
1 mm in diameter and then stored at room temperature before
NaOH treatment. The sodium hydroxide is procured from
Wako Pure Chemicals Industries, Ltd. (Chuo-ku, Osaka,
Japan). Congo red powder is bought from Sigma—Aldrich
Chemical (St. Louis, MO, USA). All other chemicals used
in this study are analytical grade.

NaOH Treatment of Pine Wood

The treatment was carried out in an autoclave at 130 °C and
at 15 psi for 30 min. Pine wood samples were treated with
water and different NaOH (2.5%, 5%, 7.5%, 10%, 12.5%,
15%, 17.5% and 20%) solutions at a solid loading of 10%
mass concentration. A 100 mL glass bottle with a fitted cap
was used as a container for each biomass solution during
the treatment. The cooling and ramping time of the auto-
clave was approximately 15 min. Each treated sample was
separated into solid and liquid fractions by using a Buchner
funnel and GF-A glass fiber filter (Whatman, USA). The
treated samples were washed several times with deionized
water until neutral pH had been achieved and stored in plas-
tic bags at room temperature.

Congo Red Adsorption on Treated Materials

For each sample, 1 mg is weighed and kept in test tube.
Three replicates of test tubes are prepared for each single
treatment. After that, 1 mL of CR stock solution (10 uM)
is added in the test tube and the samples are soaked gently.
After 5 min, 600 pL of supernatant is taken out and kept in
amount of 200 pL in three consecutive micro well in the 96
well plate. The absorbance is measured at 530 nm using a
SpectraMaxM3Multi-Mode Microplate reader (Molecular
device, USA). The average optical density (OD) of each
sample is deducted from the average OD of CR stock solu-
tion (10 uM). The difference of the OD between CR stock
solution and sample solution is the OD of adsorbed CR.

Field Emission Scanning Electron Microscopy
(FE-SEM)

The morphology of natural and treated wood samples was
characterized using a field emission scanning electron
microscope (FE-SEM). Prior to the FE-SEM evaluation, the
treated sample was coated with a thin layer of gold to avoid
the sample becoming charged under the electron beam. An
FE-SEM-XL-30SFEG instrument (Phillips, Netherlands)
was used to obtain surface micrographs of the NaOH treated,
water-treated, and raw samples by using an accelerated volt-
age of 15 kV.

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the samples were recorded from a KBr
disc containing 1% finely ground sample using a Vertex 80v
powder FTIR spectrometer (Bruker Optics, Germany) in the
range of 2000 — 800 cm™!.

X-ray Diffraction (XRD) Analysis

The crystallinity of the untreated and treated ground wood
was analyzed by XRD, using a D8 Discover powder X-ray
diffractometer with GADDS (Bruker, Germany). The dif-
fraction patterns were measured from 26=10° to 30° in
steps of 0.02° with a time interval 2.99928 s using Cu Ka
radiation (A=0.15418 nm) at 40 kV and 40 mA. The crystal-
linity index was calculated according to the following for-
mula proposed by Segal et al. [24].

Crl = [(I002 — Jam)/I002| X 100

where Crl is the crystallinity index, [, is the maximum
intensity of the /;, peak at 20=22°, and I, is the intensity
at 26=18°.

Chemical Component Analysis

Cellulose, hemicelluloses and lignin contents in wood
samples were determined by TAPPI methods [25-27]. The
extractives of each solid sample was analyzed according
to the method described by Lin et al. [28]. This method is
adapted from Blasi et al. [29].

Enzymatic Saccharification

The enzymatic hydrolysis was performed in batch system.
The total batch volume was 3 mL with enzyme and dry pow-
der of wood samples concentration of 10 mg/mL. The mix-
ture was buffered with 50 mM acetic acid sodium acetate,
pH 4.8. Enzymatic hydrolysis was carried out at 50 °C for a
fixed time in a reciprocating shaker bath. The reaction was
monitored by withdrawing samples from the supernatant
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after 72 h and measuring release of soluble reducing sug-
ars by the DNS assay using D-glucose as a standard [30].
Total reducing sugars which can form aldehydes or ketones
(including disaccharide, monosaccharide) can be measured
by the DNS method. Six different types of substrates (raw,
water treated, 7.5%, 10%, 12.5% and 20% NaOH treated
wood) were investigated for enzymatic hydrolysis using an
enzyme loading of 15FP U/g (Celluclast 1.5 L, Novozymes)
and 30CB U/g (Novozyme 188, Novozymes). All assays
were performed in triplicate. Yield of reducing sugars from
wood was calculated as follows [31]:

Yield, Y (%) = [Mass of reducing sugars (mg)/
Mass of substrate used in enzymatic hydrolysis (mg)]
x 100.

Statistical Analysis

The effect of alkali concentration on wood samples for lignin
and hemicellulose removal and reducing sugar yield were
determined using the analysis of variance (ANOVA) method
and significant differences of means were compared using
the Tukey HSD test at 5% significant level using SPSS soft-
ware (version 12).

Results and Discussion
Congo Red Adsorption
Figure 1 shows the CR adsorption pattern of raw, water

treated and different NaOH treated wood. CR adsorption is
increased with increasing the NaOH concentration used in
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Fig.1 Congo red adsorption pattern of raw, water treated and pine
wood treated with different NaOH concentration. All treatments were
carried out at 130 °C for 30 min. 10 uM CR solution was used for
adsorption by samples
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treatment and the highest adsorption was observed at 10%
NaOH treated sample. After that increasing the NaOH con-
centration cause reduction of CR adsorption and the least
adsorption was observed at 20% NaOH treated sample. The
increase of CR adsorption is due to the fact that, NaOH
treatment removes the lignin layer from the wood samples
and exposes cellulose. The more lignin is removed the more
cellulose will be exposed. As a consequence more CR will
get chance to bind with exposed cellulose. However, NaOH
concentration more than 10% renders reduced CR adsorp-
tion. This might be due to the loss of some cellulose fibers
which is evidenced by the SEM images of treated samples
(discussed in next sections). Since the accessible areas for
dyeing are mainly the amorphous area, the trend of CR
adsorption enhancement is due to the increased exposure
of free —OH groups on amorphous areas of treated samples
[14]. During adsorption, most of the H-bonds occur via the
sulfonate, amino, and azo groups of CR and hydroxyl groups
of C2 and C6 carbon atom of each glucosyl ring of cellulose
[32]. Therefore, the increment of CR adsorption might be
due to the enhanced H-bonding of CR with the exposed
hydroxyl groups of cellulose.

Morphological Characterization of Pine Wood
Treated with NaOH

SEM was used to determine changes in surface struc-
ture of pine wood after NaOH treatment. We took SEM
images of raw pine and 7.5, 10, 12.5, and 20% NaOH
treated wood samples. Based on CR adsorption assay, we
did not consider all samples because the samples, treated
with just below and upper of the 10% NaOH would pro-
vide better comparison among different treatments effect
on pine wood morphological structure. Figure 2 shows
a noticeable change in the different samples morphol-
ogy. SEM images showed that the surface of untreated
wood was smooth due to the coating of cellulose by
lignin (Fig. 2a). Smoothness decreased with increasing
NaOH concentration as is evidenced by the water treated
(Fig. 2b) and 7.5% NaOH treated sample and internal
structure was exposed (Fig. 2c). More exposure of inter-
nal structure was observed at 10% NaOH treated sample
and some hollow region appeared (Fig. 2d). This indicates
the removal of lignin from surface of 10% NaOH treated
sample. However, further increment of NaOH concentra-
tion at 12.5% resulted in degradation of wood surface
(Fig. 2e). This implies that exposed cellulose is degraded
by higher NaOH concentration. The highest degradation
was found at 20% NaOH treated sample (Fig. 2f). This
qualitative result supports our CR adsorption result,
which showed 10% NaOH treated samples adsorb the
highest CR compared to other samples due to its low
lignin content and more exposed cellulose. In contrast,
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Fig.2 SEM images of pinewood surface before and after treatment: a raw pinewood, b water treated pinewood ¢ 7.5% NaOH treated pinewood
d 10% NaOH treated pinewood e 12.5% NaOH treated pinewood f 20% NaOH treated pinewood

due to some degradation of cellulose caused by higher
concentration of NaOH (more than 10%), relatively less
CR molecules were adsorbed. Wang et al. reported that
untreated pinewood had a fibrous structure, while pre-
treated materials with NaOH and H,SO, had a loose and
porous structure [33].

Chemical Composition Analysis of Pine Wood

In order to determine the effect of chemical composition of
the wood samples on CR adsorption the amount of cellulose,

hemicellulose, lignin and extractives was determined. The
results for the chemical composition are shown in Table 1.
The lignin and extractives are higher in raw samples and
gradually reduced for samples treated with higher NaOH
concentration. The same trend was observed by You et al.
[34] who found that, lignin content of the corn stover
decreased gradually according to the NaOH pretreatment
seviarity and a higher removal rate was achieved at higher
NaOH concentration. Chilari et al. also found that about
31.9% lignin was removed from cotton stalks while pre-
treated at 10% NaOH at 121 °C for 60 min [35]. The removal

Table 1 Chemical composition
of raw and NaOH pretreated

Raw pine wood Water

NaOH concentration (wt %)

treated pine

pine wood wood 7.5 10 12.5 20
Extractives 4.6 4.3 3.5 2.9 2.5 1.8
Cellulose 41.5 432 54.8 62.7 51.6 46.3
Hemicellulose 24.8 23.2 14.3 11.2 10.5 8.5
Lignin 28.5 254 17.4 14.3 13.3 10.6
Lignin removal 0 10.6+£2%  383+1.8° 48.1+1.8° 53.2+23% 62.7+1.8°
Hemicellulose removal 0 8.2+1.5° 426+2.1° 551+2° 59.8+2.5% 65.8+2.6°

Different letters (a, b, c, d, e) indicate significant difference (p < 0.05) from each other
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of lignin was increased significantly (p <0.05) with increas-
ing concentration of NaOH from 2.5 to 10%. Non significant
removal was observed while increasing NaOH concentration
from 10 to 12.5%. Lignin acts as a physical barrier, restrict
cellulase access to cellulose and, thus, reduce the activity of
the enzyme through nonproductive binding [36]. Excessive
lignin might be a cause for less amount of CR binding in raw
samples while binding was maximum at 10% treated sample,
even though 10% treated sample have lignin content greater
than 12.5% and 20% treated samples. This is because some
cellulose content was degraded in 12.5% and 20% NaOH
treated samples, therefore we got lower cellulose content
compared to 10% NaOH treated sample (Table 1). Low level
of cellulose might be responsible for less CR binding. Our
findings are in good agreement with Wang et al. who found
that NaOH at higher concentration can dissolve cellulose
[11].

Like lignin, hemicellulose content was also reduced with
increasing NaOH concentration. The removal of hemicel-
lulose was increased significantly (p <0.05) with increasing
concentration of NaOH from 2.5 to 10%. However, non sig-
nificant removal was observed while increasing NaOH con-
centration from 10 to 12.5%. The amorphous and branched
structure of hemicellulose is easier to break down than the
semicrystalline cellulose, which makes hemicellulose more
susceptible to alkali attack. Hemicellulose interacts with
cellulose, thus forms a physical barrier to enzyme attack.
Effective hemicellulose solubilization can help enhancing
digestibility of cellulose that increases enzymatic conver-
sion efficiency during hydrolysis [37]. Therefore, the less
the hemicelluloses the more exposed cellulose in biomass.
As in 10% NaOH treated sample contains higher cellulose
fibers compared to 12.5% and 20% NaOH treated samples
where some cellulose are degraded, the highest CR adsorp-
tion was found in 10% treated sample. Therefore, 10% NaOH
is supposed to be an effective alkali concentration in these
treatment conditions for pine tree.

Fig.3 Mechanism of pine wood
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Microstructural Changes of Pine Wood

For better comparison among samples we conducted FTIR
and XRD on four samples; raw, water treated, 10% NaOH
treated sample (highest CR adsorbing) and 20% NaOH
treated sample (lowest CR adsorbing).

Fourier Transform Infrared Spectroscopy (FTIR)
of Pine Wood

The structural differences of biomass before and after
treatment can be evaluated by Fourier transform infrared
spectroscopy [38]. NaOH acts on lignocellulosic biomass
and breaks the ester bonds between cellulose and lignin.
Therefore, pine wood treated with NaOH are degraded
into cellulose and lignin are shown in Fig. 3. This Figure
is modified from Soundarrajan et al. [39]. Figure 4 shows
the FTIR spectrum for elucidating the chemical changes
occur after treating the pine wood samples with NaOH.
The modification of the chemical structure and functional
group of biomass compositions influences the enzymatic

104
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Fig.4 FTIR spectra of pine wood treated with water and different
concentration of NaOH. The spectral ranges were recorded between
2000 cm™' and 800 cm™'. All treatments were carried out at 130 °C
for 30 min

Lignin Cellulose
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digestibility. The FTIR spectrum of water treated pine wood
was similar to the untreated ones, suggesting water treat-
ment hardly decomposed the pine wood. The signals of the
ether bond at 1253 cm™! [40, 41] became weaker, and the
peaks for ester bond at 1734 cm™! [40, 42] were disappeared
for 10% and 20% NaOH treated samples. Also the peaks
around 1516 cm™" and 1640 cm™' represents aromatic ring
of lignin and residual adsorbed water (H-O-H) on cellulose
[57], respectively, which were found abundantly in raw pine
sample and markedly declined after 10% NaOH treatment.
This indicated that NaOH treatment might cleave the ether
and ester linkages between lignin and carbohydrates of pine
wood or reduce the lignin percentage in the biomass. A small
sharp band at 896 cm~! demonstrates the presence of pre-
dominant B-glycosidic linkages between the sugar units in
cellulose and hemicellulose [43]. The decrease of this peak
for NaOH-treated pine suggested the change of linkages
between sugar units and intermolecular degradation in the
hemicellulose structure. But this band signal is almost simi-
lar between 10% and 20% NaOH treated samples suggesting
10% treatment might be sufficient to remove hemicelluloses.
Furthermore, sharp stretching at 1163 cm™! representing a
p-(1-4) glucoside linkage was apparent in raw samples and
around 1057 cm™! are associated with typical cellulose were
found in all samples [44, 45]. For raw pine sample, these
peaks were abundant compared with other treated samples
as this sample was not washed and higher intensities might
come from free cellulosic fractions [46]. Moreover, the
intensity of the peaks around 1373 cm™! and 1432 cm™" that
are associated with the CH, vibration of cellulose [31] are
higher for 10% NaOH treated sample compared to water and
20% NaOH treated sample. It is important to note that the
cellulosic O—H absorbance peak intensity at 1024 cm™' [47]
was also higher for 10% NaOH treated sample compared to
water and 20% NaOH treated sample.

More importantly, peaks at 1057 cm™' are more pro-
nounced for 10% NaOH treated sample compared to 20%
NaOH treated sample suggesting some cellulose fibers
might be degraded and washed out. Since more free -OH
groups of cellulose are exposed after removal of the lignin,
pectin, fat, and hemicelluloses in 10% NaOH-treated sam-
ples, the —OH groups invites more Congo red for H-bond-
ing on the cellulose structure and as the cellulose degra-
dation or structural deformations are occurred after 20%
NaOH treatment, less free —OH groups of cellulose are
observed in the FTIR micrograph [12, 48]. Therefore a
reduced CR adsorption was observed in 20% NaOH treated
samples compared to 10% NaOH treated samples.

X-ray Diffraction (XRD) Analysis of Pine Wood

The crystallinity of the biomass material has been consid-
ered a major factor that affects enzymatic hydrolysis [49].
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Fig.5 XRD spectra of pine wood treated with water and different
concentration of NaOH. All treatments were carried out at 130 °C for
30 min

Table2 NaOH concentration effects on crystalline index of pine
wood

Natural and treated sample Crystallin-
ity index
(%)

Raw 48

Water treated 49.9

10% NaOH treated 53.9

20% NaOH treated 43.8

The crystallinity is influenced by the composition of the bio-
mass because among biomass components, only cellulose is
crystalline, while hemicellulose and lignin are both amor-
phous [36]. Figure 5 represents the X-ray diffraction pat-
terns and the Crl of the raw and treated samples are calcu-
lated as shown in Table 2. The Crl is 48% in raw pine wood
whereas slightly increases to 49.9% in water treated samples.
However, 10% NaOH treated samples show the highest CrlI,
53.9% but drops to 43.8% in case of 20% NaOH treated sam-
ples. The increase in Crl was due to the removal amorphous
lignin and hemicellulose from which in turn increased the
proportion of cellulose, resulting in an increase in Crl of
the treated samples. Many previous studies have reported
that biomass pretreatment could increase the Crl by remov-
ing amorphous substances in the biomass, improving enzy-
matic hydrolysis [50-55]. The reduction of CrI in samples
treated with more than 10% NaOH is due to the destruction
of crystalline structure of cellulose along with removal of
lignin and hemicelluloses. The increases of crystallinity of
treated samples obtained below 10% NaOH are attributed to
the degradation of amorphous hemicellulose and amorphous
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Reducing sugar yield (%)

Raw Water 7.5 10 125 20

NaOH concentration (%)

Fig.6 Reducing sugar yields from raw, water treated, pine wood
treated with different NaOH concentration. All treatments were car-
ried out at 130 °C for 30 min. Each error bar shows the standard devi-
ation of triplicate tests for a sample. Different letters next to the bars
indicate significant difference (p <0.05) from each other

regions of cellulose [55]. However, the severe decomposi-
tion of crystalline cellulose in biomass may occur at 20%
NaOH treatment, which causes the decrease of crystallinity.
It can also be seen that cellulose amount is also decreased
in 20% treated samples (Table 1). It had been observed that
there was a slight decrease of total Crl of corn stover after
hydrotropic pretreatment, which was associated with the
destruction of cellulose [56]. Newman mentioned that the
crystalinity index of wood essentially depends on its cellu-
lose content [57]. The increased Crl of NaOH-treated wood
suggests that more cellulose became exposed to bind with
CR. Therefore we got highest CR adsorption on 10% NaOH
treated samples.

Enzymatic Saccharification

Figure 6 shows the reducing sugar yield from raw pine, water
treated, 1%, 1.5%, 2% and 2.5% NaOH-treated samples.
After 72 h, the raw pine wood exhibited maximum 15.3%
reducing sugars yield. However, reducing sugar yield was
increased significantly with increasing NaOH concentration
and the yield was observed 68% and 76% for 7.5% and 10%
NaOH treated samples, respectively. Interestingly, further
increment of NaOH concentration caused lower reducing
sugar yield amounting 72.7% and 70.8% for 12.5% and 20%
treated samples, respectively. This is due to the presence of
lower amount of cellulose in higher NaOH treated samples
(Table 1). Kuo and Lee reported that cellulose degradation
during N-methylmorpholine-N-oxide pretreatment not only
reduces the hydrolysis yield of regenerated cellulose, the
degraded products may also inhibit the cellulase activity
and results in a slower hydrolysis rate [58]. Therefore, 10%
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NaOH can be considered as a useful alkali concentration in
this treatment regime.

Conclusions

In this study, the changes of pine wood structure were
evaluated based on CR adsorption. SEM and FTIR results
showed that the 10% NaOH treatment removed amorphous
lignin substantially. In addition, the total cellulose content
decreased when treatment carried out with more than 10%
NaOH, therefore highest amount of cellulose in 10% NaOH
treated sample adsorbed more CR. The crystallinity was
increased with increasing NaOH concentration. However,
there was only insignificant increase in lignin and hemicel-
lulose removal by increasing NaOH concentration from 10
to 12.5%. Moreover, after 72 h reducing sugar yield was
the highest for 10% NaOH treated sample. Therefore, it is
likely to conclude that 10% NaOH is an effective alkali con-
centration for pine wood treatment in the mentioned condi-
tions. We cannot say this is an optimization of NaOH treat-
ment for pine wood as we did not consider other treatment
temperature and time except 130 °C and 30 min, respec-
tively. Besides, 10% NaOH treatment may not be economi-
cal. But this CR approach is supposed to be helpful for the
researchers to select the optimum condition for biomass
pretreatment.
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