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The enzymatic hydrolysis of the bagasse pulp prepared from the treatment process with active oxygen
and MgO-based solid alkali was studied. The hydrolysates were tested by IC (ionic chromatography) for
the analysis of monosaccharide. Additionally, the changes of pulp before and after hydrolysis were char-
acterized with Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray
diffraction (XRD), Kajaani cellulose automatic analyzer and atomic force microscopy (AFM) techniques.
The results showed that an optimized sugar yield of 82.38% was obtained at the substrate concentra-
tion of 5% for 72 h with the enzyme dosage of 15IU/g. Furthermore, as the length of the cellulose fiber
decreased, the crystallinity of cellulose increased, and more depressions appeared on the surface of pulp
after enzymatic hydrolysis.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

With gradual depletion of petroleum and other fossil resources,
abundant renewable lignocellulose material is regarded as the most
important industrial raw material in the future (Caputo, Palumbo,
Pelagagge, & Scacchia, 2005; Rogers & Brammer (2009); Uihlein,
Ehrenberger, & Schebek, 2008; Yoshioka, Hirata, Matsumura, &
Sakanishi, 2005). Lignocellulose biomass has long been recognized
as a potential sustainable source of mixed sugars for fermenta-
tion to biofuels and biomaterials. Bagasse, as one of the abundant
plant cellulose resources, has been partly used for producing use-
ful chemicals such as monosaccharide and organic acids, but the
practical scale is small, and the techniques are mostly traditional
methods such as strong acid hydrolysis.

Lignocellulose is a natural macromolecule and forms a com-
plex crystalline structure that is resistant to enzymatic attack and
insoluble in water (Schacht, Zetzl, & Brunner, 2008). Therefore,
the lignocellulose must be pretreated before enzymatic hydroly-
sis in order to change the structure of cellulose and remove lignin
(Ardersen, 1998; Elisabet, Marcus, & Anders, 2005; Wei, Kim, &
Flemmin, 2003).

Currently, the pretreatment techniques prior to enzymatic
hydrolysis include physical methods (steam explosion, radiation,
freezing, etc.) and chemical methods (acid, alkali, organic sol-
vent, etc.) (Sun & Cheng, 2002). To date, several researchers have
reported some pretreatment techniques for bagasse. For instance,
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He, Rallming, Weidong, and Shuangfei (2010) investigated the
effect of enzymatic hydrolysis by pretreating bagasse with mixed
solutions of hydrogen peroxide and acetic acid and obtained lignin
removal up to 97.09%. Carrascoa et al. (2010) described a treat-
ment process with steam and the catalyst of SO, to study the effect
of enzymatic hydrolysis of bagasse and a sugar yield of 87% was
obtained.

In present processes of biomass utilization, pretreatment is a
key step. Cellulose and some hemi-cellulose are separated from
the lignocellulose through the removal of lignin, and then are
hydrolyzed and transformed. However, there exist some problems
of high energy consumption, low efficiency and serious pollution
in the traditional pretreatment techniques, respectively. There-
fore, this study tries to investigate the hydrolysis characteristics
of bagasse pulp prepared from the treatment process with active
oxygen and MgO-based solid alkali. Presently, limited attention has
been paid to this pretreatment technique. For instance, Chunsheng
et al. (2012) had researched the changes of the surface structure
of corn stalk in the cooking process with active oxygen and MgO-
based solid alkali. The results showed that the lignin was effectively
removed by active oxygen cooking with solid base, and the sur-
face characteristic of single fiber changed to be granular. Xie, Lin,
Pang, Yang, and Shi (2011) investigated the enzymatic hydrolysis
of bagasse pulp prepared from the different treatment process with
active oxygen and MgO-based solid alkali and obtained the follow-
ing optimum pretreatment conditions: temperature (165 °C), initial
oxygen pressure (1.0 MPa), dosage of H,0; (1.5 wt%, based on the
oven dried weight of corn stalk), dosage of solid alkali (15.0 wt%,
based on the oven dried weight of bagasse), liquor-to-stalk ratio
(6:1, w/w) and pretreatment time (2 h). The sugar yield following
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enzymatic hydrolysis was 52.36% for these pretreatment condi-
tions.

Furthermore, the treatment process with Mg-based solid alkali
and active oxygen is considered as a clean method without emis-
sion of noxious gases and liquids and the insoluble solid base could
be recycled. The active oxygen comes from O, and H,0,, and the
solid base is MgO. The purpose of this paper is mainly to inves-
tigate the conditions of enzymatic hydrolysis of solid base pulp
of bagasse, to discover the changes to cellulose before and after
enzymatic hydrolysis, in order to provide another method for the
utilization of bagasse biomass.

2. Materials and methods
2.1. Materials

Bagasse was kindly supplied by Fengyun Co. Ltd. in China. Oxy-
gen (purity of 99%) was bought from an industrial gas company,
and hydrogen peroxide (30 wt%; Hongyan Reagent Factory of Tian-
jin, China) was diluted to the appropriate concentration when it
was needed. The solid alkali used in this study was magnesium
oxide powder (purity >98.0%, CAS No. 1309-48-4), which was
obtained from Tianjin Kermel Chemical Reagents Co. Ltd., China.
Cellulase, from Trichoderma reesei ATCC 26921, which the activity
was 75 FPU/mL. Cellobiase (Novozyme 188) from Aspergillus niger,
its activity was 500 IU/mL.

2.2. Pretreatment method

Bagasse was cooked at a liquor-to-stalk ratio of 6.0 (w/w), with
an insoluble solid alkali content of 15.0wt% (based on the oven
dried (o.d.) weight of bagasse). Additionally, a 1.5 wt% dosage of
hydrogen peroxide and an initial oxygen pressure of 1.0 MPa were
used. Cooking was performed at 165 °C for 2 h, with a heating rate
of 1°C/min. The cooking was performed in a 2 L stainless, rotating
autoclave, using 50 g of bagasse (0.d.).

2.3. Enzymatic hydrolysis

The bagasse pulp was hydrolyzed by a mixture of enzymes (cel-
lulase and cellobiase). According to the properties of cellulase and
cellobiase, the temperature and pH of enzymatic hydrolysis was
fixed at 50°C and 5.0, respectively for all experiments. To explore
the optimized dose of enzyme, the experiment was performed at a
substrate concentration of 5% for 72 h and adding enzymes at each
enzyme dose of 5, 10, 15, 20, 30, 40 and 601U/g dry bagasse pulp,
respectively. Besides, the amount of enzyme of 151U/g dry bagasse
pulp and substrate concentration of 5% was fixed to explore the
effect of different enzyme treatment times. The times used were
6, 12, 24, 48, 72 and 96 h. Moreover, the experiment to obtain the
optimized substrate concentration was performed at the amount
of enzyme of 151U/g dry bagasse pulp for 72h and the substrate
concentration was set up at 3%, 5%, 8%, 10% and 15%.

2.4. Sugar testing

The hydrolysates were tested by IC (ionic chromatography) for
analysis of monosaccharide. The yield of sugar was calculated using
the following formulae:

Yg = Ls  100% (1)
Ly
Lx

Yx = = x 100% (2)
Ly

Ys

- L"LLLg « 100% 3)

h

where the Yg, Yx and Y; are the yield of glucose, xylose and
total sugar, the Lg, Ly and L}, are the quantity of glucose in the
hydrolysates, the quantity of xylose in the hydrolysates and the
quantity of holocellulose of the bagasse pulp, respectively.

2.5. Fourier transform infrared spectroscopy (FTIR)

The bagasse pulp before and after hydrolysis were tested by
FTIR (Bruker Tensor 27, Germany). The samples were dried before
testing. FTIR spectra were obtained on an FT-IR spectrophotome-
ter (Bruker) using a KBr disc containing 1% finely ground samples.
Thirty-two scans were taken of each sample recorded from 4000 to
400cm! at a resolution of 4cm~! in the transmission mode.

2.6. Scanning electron microscopy (SEM)

The samples were washed with deionized water and dried using
a vacuum drying oven for 72 h before testing. The dried samples
were then coated with Au and visualized using a scanning electron
microscope (S-3700N; Hitachi, Japan) at 10kV.

2.7. X-ray diffraction (XRD)

X-ray diffraction (XRD) patterns of the samples were carried
out using a BRUKER D8 Advance X-ray diffractometer with Cu Ka
radiation source operated at 40 kV and 40 mA. Data was collected
from 26 between 5° and 60° with a step of 0.02° at a scanning speed
of 3°/min.

2.8. Kajaani cellulose automatic analyzer

The cellulose before and after hydrolysis was analyzed by
Kajaani cellulose automatic analyzer (FS-300).

2.9. Atomic force microscopy (AFM)

The AFM images were recorded with a Nanoscope Illa micro-
scope (Digital Instruments, Veeco Metrology Group) and a MFP-3D
(Asylum Research, USA) in taping mode. The dried samples were
fixed to a mica sheet and tested by AFM.

3. Results and discussion

3.1. The sugar yield for different conditions of enzymatic
hydrolysis

The effect of sugar yield on different conditions of enzymatic
hydrolysis was investigated, and the experiments were carried out
at different enzyme treatment times, different amounts of enzyme
and different substrate concentrations. It can be observed from
Fig. 1 that the sugar yield increased along with the higher of the
amount of enzyme and the longer enzyme treatment time, but
reduced with higher of substrate concentrations.

It can be noted from Fig. 1a that the glucose yield and sugar
yield increased from 43.05% and 2.12% to 52.80% and 29.58% when
increasing the enzyme loading from 5IU/g to 151U/g. However,
when the enzyme loading was up to 151U/g, the total sugar yield
was about 85.00%. This finding suggests that the amount of enzyme
(more than 151U/g) is excessive.

As also can be seen from Fig. 1b, the process of enzymatic hydrol-
ysis included 3 parts: initial stage (0-24 h), medium term (24-72 h)
and the later stage (72-96 h). In the initial stage, the sugar yield
improved quickly, the total sugar yield of 24h (55.58%) was 1.8
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Fig. 1. The sugar yield for different conditions of enzymatic hydrolysis.

times as much as the 6 h (30.08%). This finding showed the con-
centration of effective enzyme was higher and the concentration of
hydrolysates was lower in the initial stage resulted in faster hydrol-
ysis rate to promote sugar yield. In the medium term, the total sugar
yield also elevated along with the longer of enzymolysis time (from
55.58% to 82.38%), but the sugar yield improved more slowly. This
is due to some hydrolysates that can inhibit the enzyme activity
accumulate to reduce the hydrolysis reaction. In the later stage, the
sugar yield had almost no change. It resulted from the accumulation
of hazardous matter. The hazardous matter inhibited the enzyme
activity, resulted in reducing the rate of enzymatic hydrolysis. In
addition, this was related to the lower concentration of substrate.
Additionally, Fig. 1c shows that the total sugar yield changed
more slowly (from 85.28% to 69.63%) when increasing the con-
centration of substrate from 3% to 8%. While the concentration
of substrate was from 8% to 15%, the sugar yield changed more
quickly, and the total sugar yield of 8% (69.63%) was 1.38 times
as much as the 15% (50.17%). The concentration of substrate has
a significant effect on the sugar yield. An explanation on the
role of the substrate concentration is that lower concentration
could accelerate mass transfer and the adsorption of enzyme. In
addition, there are less inhibitory effects at lower substrate concen-
trations. Therefore, considering enzymatic efficiency and economy,
the optimal conditions for enzymatic hydrolysis of bagasse pulp
were chosen to be as follows: the amount of enzyme (151U/g),
treatment time (72 h) and the concentration of substrate (5%).

3.2. Fourier transform infrared spectroscopy (FTIR)

The surface of chemical group changes was determined by FTIR.
The FTIR spectra are shown in Fig. 2 and indicated three main
areas of change in the spectra. According previous work (Stark &
Matuana, 2007), the band at a wavenumber of 3400cm~! is the

absorption peaks of hydroxyl of the intramolecular hydrogen bond
of cellulose. In the process of enzymatic hydrolysis, the intensity of
this peak decreased. This finding showed that the intramolecular
hydrogen bond of cellulose and the crystalline structure of cellu-
lose had been disrupted. Therefore, the cellulase can penetrate the
interface between the cellulose molecules resulting in the degra-
dation of cellulose. The band at the wavenumber of 1637 cm™!
corresponds to the absorption peaks of adsorbed water. During the
process of enzymatic hydrolysis, the intensity of this peak firstly
increased then decreased. This change indicated that the adsorbed
water had changed. In the initial stage of enzymatic hydrolysis, the
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Fig. 2. The FTIR spectra of bagasse solid base pulp after enzyme hydrolysis for dif-
ferent times. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3. The SEM pictures of bagasse solid base pulp after enzyme hydrolysis for different times.
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cellulose absorbed water as a result of expansion so that the inten-
sity of this peak enhanced. However, the enzyme infiltrated into
the fiber and replaced some adsorbed water with the longer enzy-
matic treatment time resulted in the downgrading of this peak. The
band at the wavenumber of 1511 cm~! is the absorption peaks of
benzene. The intensity of this peak increased with the enzymatic
hydrolysis. An explanation of this phenomenon is that the cellu-
lose degraded so that the content of lignin increased during the
process of enzymatic hydrolysis. The absorption peak appeared at
1427 cm~1, which showed the mixed structure of crystalline and
non-crystalline regions appeared at the cellulose of pulp (Nelson
& O’connor, 1964) and the proportion of the crystalline region was
slightly higher.

3.3. Scanning electron microscopy (SEM)

Fig. 3 shows the SEM pictures of bagasse pulp after enzyme
treatment for different times. Before enzymatic hydrolysis, the fiber
of bagasse pulp was relatively complete. However, some small
wrinkles, regarded as fine fibers, appeared on the surface of fiber
(Fig. 3a and b). In the initial stage (Fig. 3c and d), the phenomenon
of peeling layers by layers appeared on the surface of fiber and the
surface of fiber was coarse. Moreover, there existed small holes on
the surface of fiber. This finding showed that the enzyme attack
the surface of fiber at first. In the medium term (Fig. 3e and f),
some small trenches appeared on the surface of fiber and the holes
increased. In addition, the small pieces on the surface of fiber
reduced. This finding showed that the small pieces of fiber were
mainly hydrolyzed in this stage. In the later stage (Fig. 3g and h), the
fibers were not complete and became small pieces. However, the
phenomenon of skin peeling was clearly observed on the surface
of fiber.

3.4. X-ray diffraction (XRD)

Fig. 4 shows the XRD patterns of bagasse pulp after enzyme
treatment for different times. The XRD pattern had three typical
peaks of cellulose, at the 260 of 15.7° (101), 21.5° (002), and 34.5°
(004), respectively. Fig. 4 indicates that the position (101, 002,
040) of crystal face diffraction peak of cellulose had not changed,
and the crystal face diffraction peak position of 002 appeared
at 21.50° before and after enzymatic hydrolysis. This indicated
that the crystalline region of bagasse pulp did not have a signif-
icant change after enzymatic hydrolysis, that the distance of the
cellulose crystal layer did not changed. However, the intensity of
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Fig. 4. The XRD patterns of bagasse solid base pulp after enzyme hydrolysis for
different times.

Table 1

The crystallinity of pulp following enzyme hydrolysis for different times.
Sample Oh 12h 48 h 72h 96h
Ioo2, Cps 4778 10,702 5284 4318 4085
Lim, Cps 2628 2803 1835 1452 1559
Crystallinity, % 45.00 73.81 65.27 66.37 61.84

the crystal surface (00 2) increased at first and then decreased dur-
ing the process of enzymatic hydrolysis.

The following formula is used for the calculation of the crys-
tallinity index (Cao & Tan, 2005):

2—1

Crystallinity = ’0017”“ x 100%; (4)

002
where Iyg> is peak intensity corresponding to 00 2 lattice plane of
cellulose molecule, which is observed at 26 equal to 22.5°, and I,
(at 260=19°) is the peak intensity corresponding to cellulose. The
crystallinities of bagasse pulp after enzyme treatment for differ-
ent times are shown in Table 1. It can be noted from Table 1 that
the crystallinity of cellulose firstly increased then decreased with
the enzymatic hydrolysis. In the initial stage (0-12 h) of enzymatic
hydrolysis, the degree of crystallinity of cellulose increased (from
45.00% to 73.81%). One reason may be that the enzymes mostly
attack the amorphous region of cellulose resulted in increasing
the size of crystalline. In the medium term (12-48 h) of enzymatic
hydrolysis, the enzyme mainly attacked the crystalline region of
cellulose resulted in decreasing the crystallinity of cellulose (from
73.81%t0 65.27%). In the later stage (72-96 h) of enzymatic hydrol-
ysis, the crystallinity of cellulose changed a little. Perhaps this was
because the cellulase mainly penetrated the internal region of fiber
in this stage resulting in little change in the crystalline regions of
cellulose.

3.5. The length analysis of cellulose

Fig. 5 shows fiber length-weighted distribution of cellulose. It
can be noted from Fig. 5 that the Ly, became shorter after enzy-
matic hydrolysis, and was mainly between 0.1 mm and 0.5 mm.
This result indicated that the cellulose of bagasse pulp was mainly
hydrolyzed into small fibers after enzymatic hydrolysis.

As also can be seen from Table 2, the length and coarseness
of cellulose became smaller, and the amount of fines increased.
The L;, Lw and coarseness decreased from 0.48 mm, 1.34 mm and
0.57mg/m to 0.09 mm, 0.36 mm and 0.187 mg/m, respectively.
However, the amount of fines increased up to 92.40%. In addition,
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Fig. 5. The plot of length-weighted distribution of cellulose fibers (a stands for pulp,
b stands for the pulp after enzyme hydrolysis for 72 h).
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Fig. 6. The AFM phase images of pulp (a and c) and pulp after enzyme hydrolysis for 72 h (b and d) (dark-light =low-high; scan size: 1.0nm x 1.0 nm; scan rate: 1.001 Hz).

the Lw/L, also improved from 2.79 to 4.00. This finding showed
that the fiber of bagasse pulp degraded greatly after enzymatic
hydrolysis.

3.6. Atomic force microscopy (AFM)

The analysis of cellulose, lignin and extractive with AFM has
been used for several years. Fig. 6 shows the AFM phase images
of pulp (a and c) and pulp after enzyme hydrolysis for 72 h (b and
d). It is believed that the nano-level test is focused at the single
fiber surface. Thus, Fig. 6 shows the determination of the single
fiber surface. As also can be seen from Fig. 6, the surface of bagasse
pulp changes after enzymatic hydrolysis. The surface structure
of the pulp before hydrolysis is observed to be highly granular
(Fig. 6a and c) and is smoother than the pulp after hydrolysis
(Fig. 6b and d). In addition, Fig. 6b and d indicates that the surface
of pulp after hydrolysis gives more depressions. It is possible that
the enzyme attacks the surface of cellulose resulting in release of

Table 2

The shape of cellulose fibers before and after hydrolysis.
Sample L,®(mm) Ly®(mm) (Ly/L,) Coarseness(mg/m) Fines (%)
Before 0.84 1.34 2.79 0.570 24.39
After 0.09 0.36 4.00 0.187 92.40

@ L, stands for number-average-length.
b |, stands for weight-average-length.

some fragments of cellulose. However, the dark granules or blocks
indicate that a material is more hydrophilic than the surround-
ing brighter granules or blocks (Gustalfsson, Ciovica, & Pltonen,
2003; Raghavan et al., 2000). Therefore, there are more blocks in
Fig. 6d, meaning that the surface of pulp after hydrolysis is more
hydrophilic than that of pulp before hydrolysis. From the above
analysis, it is clear that the surface of cellulose of pulp is strongly
disrupted by the cellulase and cellobiase treatment.

4. Conclusions

The present study described the enzymatic hydrolysis of bagasse
pulp. Active oxygen pretreatment with solid base is considered as
an environmentally friendly process due to no soluble base. Enzy-
matic hydrolysis of bagasse pulp revealed that when the amount of
enzyme was 151U/g, the enzymolysis time was 72 h and the sub-
strate concentration was 5%, the optimum sugar yield of 82.38%
was obtained. However, the length of the cellulose fiber decreased
and the crystallinity of cellulose had a cyclical variation after enzy-
matic hydrolysis. Furthermore, the surface of pulp after hydrolysis
had more cavities or embossments and the surface characteristic of
single fiber changed to be uneven and rough. Therefore, the treat-
ment process with active oxygen and MgO-based solid alkali could
accelerate the cellulose hydrolysis rate to fermentable sugars and
the enzymatic hydrolysis of the bagasse pulp was more efficient.
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