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Abstract The influence of enzymatic treatment on
the thermal stability of cellulose nanofibrils (CNFs)
was investigated. The unbleached bagasse pulp was
treated with different dosages of xylanase, and sam-
ples were taken at different grinding stages. The
produced CNF were characterized by Malvern Zeta-
sizer, TEM, ATR-FTIR and XRD, and the thermal
stability of the CNF was evaluated using TGA. The
mechanism of enzymatic treatment on the thermal
stability of CNF was proposed. The results indicated
that all the diameters of produced CNF were
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< 100 nm. The CNF produced from original pulp
has higher thermal stability than those from enzy-
matic-treated pulp, and the thermal stability of CNF
was decreased with the increase of enzyme dosage.
The practical application of CNF was actually limited
by the reduction of pyrolysis sites, so the proper
retention of hemicellulose and lignin in the process of
preparing CNF contributes to the improvement of the
thermal stability.
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Introduction

With the emergence of global environmental changes
and resource shortages, there is a growing interest in
sustainable and environmentally friendly materials
(Nie etal. 2014; Yao et al. 2017). Trees are sustainable
and renewable materials, and lignocellulosic biomass
has the advantages of good biocompatibility, non-
toxicity and biodegradability compared to synthetic
polymers (Peng et al. 2011; Song et al. 2016; Xu et al.
2017). In recent years, the development of new
materials from cellulose nanofibrils (CNF) with
lignocellulosic biomass as the raw material is signif-
icant (Liu et al. 2017b; Yao et al. 2015). CNF has been
found to have unique optical properties, mechanical
properties, thermal properties, refractive index,
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dielectric constant, and barrier properties. CNF can
be used to prepare cellulose-based electronic flexible
transistors, organic light-emitting diodes (OLEDs),
printed and radio frequency identification (RFID)
equipment, high-performance speakers, lightweight
paper actuators, writeable touch screens and other
green electronic products (Zhu et al. 2016).

The thermal stability of CNF is directly related to
the quality of cellulose-based green electronic prod-
ucts. There are many factors that affect the thermal
stability of CNF, such as plant fiber raw material
components (hemicellulose, lignin, etc.) as well as the
grinding, drying and post-modification processes (Li
etal. 2018). CNF has a large specific surface area and a
large endothermic area, so the thermal stability of
CNF was generally lower than that of the original
fibers (Jiang and Hsieh 2013). Lu and Hsieh measured
the initial decomposition temperature of CNF pre-
pared by sulfuric acid hydrolysis at 150 °C, and the
maximum decomposition rate was < 300 °C. Due to
the introduction of sulfonic acid groups, the thermal
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stability of CNF is seriously reduced, because the
thermal decomposition of cellulose has a catalytic
effect (Lu and Hsieh 2010). To prove this point,
Martinez-Sanz neutralized the CNF obtained by
hydrolyzing sulfuric acid with NaOH, so the surface
of the introduced sulfonic acid groups was removed;
consequently, the thermal stability of CNF after
neutralization was improved (Martinez-Sanz et al.
2011). A carboxyl group introduced in the CNF also
decreased the thermal stability, and Jiang prepared
CNF using TEMPO oxidized rice straw. The initial
decomposition temperature was approximately
210 °C, and the maximum decomposition rate was
265 °C (Jiang and Hsieh 2013). Nair and Yan studied
the effect of lignin on the thermal stability of CNF and
found that when the content of lignin in CNF was 21
and 5%, the degradation temperatures of CNF were
306 and 278 °C, respectively. The maximum degra-
dation rates were 390 and 319 °C, respectively. The
thermal stability of CNF was significantly improved
due to the presence of lignin (Nair and Yan 2015).

Environmentally friendly enzyme-assisted prepa-
ration of micro-nanofiber technology is a reliable
lignocellulosic biomass high value green utilization
technology (Lin et al. 2018; Long et al. 2017; Nie et al.
2015). Arola et al. pretreated the fibers with xylanase,
and the rheological properties, morphological charac-
teristics and properties of CNF paper films were
studied. It was found that the removal of xylan could
enhance the formation of the fibril network and
stabilize the fibrils, thereby preventing CNF floccula-
tion (Arola et al. 2013). Dhandapani and Sharma used
mechanical methods combined with biological
enzymes to treat cannabis fibers (cellulose content of
approximately 78%). CNF was successfully prepared,
and the average diameter was 29.5 nm (Dhandapani
and Sharma 2014). Henriksson et al. treated wood pulp
with endoglucanase or acid hydrolysis and mechanical
shearing, and microfibrillated cellulose was isolated
from the fibroblast cell wall. The CNF was observed
using atomic force microscopy (AFM), and it was
found that enzyme treatment can promote the separa-
tion of CNF and exhibits a higher than average molar
mass as well as a higher aspect ratio compared to CNF
produced by acid pretreatment (Henriksson et al.
2007).

In this paper, the effects of xylanase pretreatment
on the thermal stability of CNF were studied. CNF was
obtained by pretreatment of unbleached bagasse pulp

using xylanase, combined with ultra-fine grinding and
high pressure homogenization. The CNF was charac-
terized by TEM, ATR-FTIR and Zeta potential meter.
Thermal stability of CNF was characterized by XRD
and thermogravimetric analysis. The research results
provide a theoretical basis for the pyrolysis mecha-
nism and high utilization of CNF, which had a
profound effect and important strategic significance
on development of new nano-materials and related
discipline collaborative innovation.

Materials and methods
Chemicals and raw materials

Unbleached bagasse pulp was produced in the
Guangxi Yongkai Paper Mill. The xylanase model is
Novozyme X2753, and the enzyme activity was
2980 IU/g (Sigma-Aldrich). Sealed bags, citric acid,
and disodium hydrogen phosphate were from Guangxi
Nanning Boyu Limited. The water used in the
experiment was deionized, and the chemicals were
of analytical grade.

Sample preparation
Xylanase pretreatment

A total of 200 g dry and unbleached bagasse wood
pulp was sealed in a pulp bag. Pre-configured citric
acid-disodium hydrogen phosphate buffer solution
(pH 6.0) was add, and O IU/g (control), 5, 10 and
30 IU/g xylanase were added. When fully and evenly
mixed, the pulp concentration remained at approxi-
mately 8%. The samples were placed in a constant
temperature water bath for enzyme pretreatment at a
temperature of 50 °C for 2 h. Every 10-15 min, the
samples were constantly stirred to achieve the enzyme
full effect. When the reaction was over, the enzyme
was inactivated at 100 °C for roughly 30 min, and the
sample was washed several times until it was neutral
after approximately 12 h in the refrigerator storage
with a good water balance.

CNF preparation

The xylanase pretreated pulp was distilled at a
concentration of 2% (w/w) and disintegrated for
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30 min. Then, the Super grinding mill (MKZA10-15J,
Japan) was used for grinding, controlling the gap
between the two discs in the 0 points below the gap of
4 grid grinding. All samples were ground for 10
passes. After grinding, the samples were homogenized
by passing through a Microfluidizer high-pressure
homogenizer (M-110EH-30, USA) 20 times to obtain
CNF. The diameter of each chamber in the chamber
pair were 200 and 87 um, and the homogenization
pressure was controlled at 20,000 psi (Nie et al. 2018).
The prepared CNFs were diluted to 1% (w/w) and
stored in the refrigerator. 5 and 30 IU/g xylanase
pretreated pulp were also sampled before grinding
with 1 pass, 5 passes, 10 passes.

Freeze-drying

The prepared CNFs were placed on a circular watch
glass with a diameter of 10 cm and pre-frozen for 8 h
in an ultra-low temperature refrigerator at — 80 °C.
Then, the pre-frozen samples were freeze-dried for
36 h via a freeze-drying system (ALPHAL-4 LD
PLUS, CHRIST, German), and the dried samples were
transferred to a drying basin for use.

Preparation of the CNF film

The prepared CNFs were diluted to a concentration of
1%, and the CNFs with an absolute dry weight of
0.24 g were placed in a 250 ml Erlenmeyer flask.
Next, 250 ml of deionized water was added and fully
stirred for 2 h; the sample was vacuum filtered with a
0.22 um polytetrafluoroethylene film, and then dried
in a drying basin at 50 °C for 12 h.

Analysis methods
Zeta potential and fiber dimensions

Zeta potential and fiber dimensions of the produced
CNF were analysed by Malvern Zetasizer (Nano-
ZS90X, UK). The Malvern Zetasizer was turned on
and waiting for 30 min until a steady state is achieved.
The Zeta potential measurement model was selected
for the analysis of Zeta potential and fiber dimensions
after the instrument self-test. 1 ml CNF suspension
were taken and put into the sample pool, and the
measuring can be started.

@ Springer

Transmission electron microscopy (TEM)

The control, 5, 10 and 30 IU/g xylanase treated CNFs
were distilled at a concentration of 0.01% (w/w). 2
drops of the CNF suspension were applied on holey
carbon copper grid, and the grid were naturally dried at
room temperature for 12 h. The samples were then
dyed by uranyl acetate, and placed for 10-30 min in
dark. TEM (Hitachi HT7700, Japan) was performed
using an acceleration voltage of 100 kV and electric
current of 10 pA.

ATR-FTIR spectra

Functional groups change of the CNF were analyzed
by ATR-FTIR spectra (TENSOR II, Brook technol-
ogy, Germany). Blank determination was carried out
before the analysis of the samples, and the CNF were
then flatted on the platform. The measurement started
when the detector lamp exactly pressed to the films,
and the spectrum for each sample was recorded in the
region of 4000-800 cm ™' at a resolution of 4 cm™'
(Nie et al. 2018).

Thermogravimetric (TGA)

The freeze-dried samples were subjected to thermo-
gravimetric analysis using a synchronous thermal
analyzer (STA 449F5, NETZSCH, Germany). All
samples analyses were conducted under a nitrogen
atmosphere, and the samples were filled with alumina
crucibles. Samples weighing approximately 10 mg
were controlled by heating at a rate of 2, 5 and 10 °C/
min from 100 to 600 °C. Each sample was tested in
triplicate.

X-ray diffraction (XRD)

The dried CNF film was subjected to crystallinity
analysis using a high-resolution X-ray diffractometer
(MINFLEX600, Japan). The samples were cut into 2 *
2 cm squares with scissors and then attached to the
glass sample plate with clear tape. To ensure that the
film was flat on the sample plate, the same sample rack
position and sample rack were controlled. The scan-
ning angle 20 was in steps of 0.02° at 2.5 s per step
from 5° to 60°, and the CNF crystallinity index (CI)
was calculated as follows (Segal et al. 1959):
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where g is the diffraction intensity at 26 ~ 22.5°,
which represents a crystalline region; I,, is the
diffraction intensity of 20 = 18°, indicating an amor-
phous region.

Results and discussion

Characteristics of the produced cellulose
nanofibrils

The charge, dimension and morphology of the CNF
can have high influence not only on the thermal
stability and crystallinity of the final product but also
on the cost of the process. The particle charge and
dimension scale were analyzed by Malvern Zetasizer.
Table 1 shows the average particle diameter, Zeta
potential, carboxyl group content and hemicellulose
content of the CNF suspension with different dosage
of xylanase treatment. It can be seen that, the Zeta
potential (negative charges) and carboxyl group
content increased as the amount of xylanase increased
after the same grinding and homogenization number.
The Zeta potential can reach to — 42.7 mV, and CNF
average particle diameter of 48.49 nm when the
dosage of xylanase was 30 IU/g. This because that
the fibers become looser after xylanase treatment, and
more carboxyl groups are exposed on fiber in subse-
quent mechanical treatment. Zeta potential is an
important index to characterize the stability of the
CNF suspension. The negative charge on the surface
of CNF particles increase when the absolute value of
the Zeta potential increase. The repulsive force
between fibers increase after xylanase treatment,
which will cause the fibers to separate from each
other (Khouri 2010). The surface morphology of the

produced CNF with different dosage of xylanase
treatment were shown in Fig. 1. It can be seen that, the
TEM shows long, well-defined and distinct CNF, and
all the diameters of produced CNF were < 100 nm,
which was similar to the results of Malvern Zetasizer
(Table 1).

ATR-FTIR analysis of the cellulose nanofibrils

The ATR-FTIR can be used to analyze changes of the
chemical groups on the surface of the produced CNF.
The ATR-FTIR spectra of the control, 5, 10 and 30 TU/
g xylanase treated CNFs films shown in Fig. 2. It can
be seen that, 3351 cm~! associated to the —OH
stretching frequencies of cellulose, and it was higher
than the control after xylanase treatment. It means that
xylanase treatment could obviously increase the
content of ~OH in CNF. 1731 cm™' associated to
the carboxyl group (Nie et al. 2018), and it was higher
than the control after xylanase treatment, meaning that
more hydrophilic carboxyl groups were exposed to the
fiber surface after enzymatic treatment and refining.
The presence of carboxyl groups will affect the
thermal stability of CNF, because that it will be
degraded at lower temperatures (Meng et al. 2016).
The bands at 1105, 1130, 1145, 1259, 1270, 1615 and
1652 cm™! associated to the —-CH, -OH and —-CH,
bending frequencies, indicated that a great number of
lignin was contained in the pulp (Nie et al. 2015). The
lignin—carbohydrate complex (LCC) was destroyed
after xylanase treatment, and more lignin is released
and redeposited on the fiber surface. Nair and Yan
studied the effect of lignin on the thermal stability of
CNF. By comparing the effects of high and low lignin
content on the thermal stability of CNF, it was found
that residual lignin had a significant effect on the
thermal stability of CNF; the higher the content of
CNF, the higher was the thermal stability of CNF (Nair
and Yan 2015). Gordobil et al. extracted the xylan-rich

Table 1 The particle diameter, Zeta potential and carboxyl group content of CNF

Sample Particle diameter Zeta potential Carboxyl group content Hemicellulose content
(nm) (mV) (mmol/g) (Nie et al. 2018) (%)

Control 61.68 — 227 0.14 24.8

5 IU/g xylanase 60.61 — 335 0.15 20.7

10 1U/g xylanase 50.03 — 383 0.16 16.9

30 IU/g xylanase 48.49 —41.0 0.18 14.1

@ Springer



5054 Cellulose (2018) 25:5049-5061

Fig. 1 TEM images of the
produced CNF with
different dosage of xylanase
treatment. a Control; b 5 TU/
g xylanase; ¢ 10 IU/g
xylanase; d 30 IU/g
xylanase

Fig. 2 ATR-FTIR spectra
of the produced CNF with
different dosage of xylanase
treatment \ Control
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hemicellulose from corncob, and the hemicellulose application of CNF was actually limited by the
was composited with cellulose after acetylation. They reduction of pyrolysis sites, so the proper retention
found that the thermal stability and mechanical of hemicellulose and lignin in the process of preparing
properties improved significantly with the existence CNF contributes to the improvement of the thermal

of hemicellulose (Gordobil et al. 2014). The practical stability.
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Thermal stability of the cellulose nanofibrils

In recent years, CNF applications have been more
widely used, and CNFs are expected to replace some
plastic and glass substrates. However, CNF will also
be degraded at high temperatures. At present, scholars
have studied the thermal stability of cellulose
(Azubuike et al. 2011; Gedler et al. 2012; Jacquet
et al. 2011; Liu et al. 2017a). These studies allowed us
to better understand the pyrolysis mechanism of
cellulose and provide a reference for future compos-
ites that use CNF to make better heat-resistant
properties. The thermal decomposition of cellulose
mainly produces flammable volatile matter and is
released by dehydration, hydrolysis, oxidation, decar-
boxylation and transglycosylation (Chen et al. 2013).
In this study, samples were subjected to thermogravi-
metric analysis under the protection of a nitrogen
atmosphere, and the temperature was raised from 100
to 400 °C.

The TGA curve of CNF at a heating rate of 10 °C/
min is shown in Fig. 3. Depending on the weight
percentage of the sample with temperature, the TGA
curve for each sample could be divided into three
regions. As shown in Fig. 3a, since the moisture
content of the fiber sample is vaporized, 25-220 °C
was region I, which was defined as the initial mass loss
stage. The sample had a slight mass loss in this region,
typically < 8%, and no thermal degradation occurred.
Figure 3b shows the detailed TGA curve of the sample
in region I. It can be seen that the mass loss rate of the

(a)
Control
100 ~ ——51U/g Xylanase
—— ——10 IU/g Xylanase
80
S
= 60
=)
s
= Region I Region II{ | Region 111
40-
201 S
O T T T T T
100 200 300 400 500

Temperature (°C)

600

sample is always in the stationary stage when heated
from 130 to 220 °C. Between the CNF samples
prepared after the enzyme treatment and the control
group, the same TGA curve trend was typically
observed. As the temperature increased, the moisture
content of the CNF sample was first eliminated. Then,
all of the residual moisture was evaporated, thereby
achieving a stable period of constant mass. The
evaporation rate of each sample appears to be
consistent, and the temperature difference in the
stationary period was not significant. At the steady
temperature stage, the mass loss rates of the control
samples and those treated with 5, 10 and 30 IU/g
xylanase were 7.4 £ 0.1, 7.7 £ 0.5, 49 £+ 0.3 and
3.9 £ 0.3%, respectively (Table 2).

The region of the sample TGA curve was defined as
the main mass loss stage. As shown in Fig. 3b, 220 °C
(end temperature of region I) was defined as the initial
temperature of thermal degradation. The TGA curve
of the samples began to deviate from the steady region
from roughly 220° C. Kilzer and Broido suggested that
the dehydration of cellulose to produce “dehydrated
cellulose” had an endothermic temperature of approx-
imately 200-280 °C, and the depolymerized cellulose
competed with dehydration from 280 to 340 °C,
resulting in the formation of volatiles (Long et al.
2017). As shown in Table 2, the residual mass and
temperature of the control sample at the end of region
IT were 20.48% and 380 °C, respectively, and the
residual mass of the CNF sample after enzyme
treatment was above 25% at the end of region II. This

(b) Control
100+ — 5 1U/g Xylanase
——10 IU/g Xylanase
98+
e
< 96
-
= ~—_—— |
20 \
§ 94
~— |
\_ﬂ
92- \
90 130 220
T T T T T
50 100 150 200 250

Temperature (°C)

Fig. 3 TGA curves of the xylanase pretreated cellulose nanofibrils at a heating rate of 10 °C/min, a from 25 to 600 °C, b from 25 to

276 °C in detail
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Table 2 Thermal stability of the cellulose nanofibrils

Sample Region 1

Region II Region III

Temperature (°C) Moisture residue (wt %)

Temperature (°C) Mass residue (wt %) Mass residue (wt %)

Control 220 74 £0.1
5 IU/g xylanase 225 7.7 +£0.5
10 IU/g xylanase 225 49 £03
30 IU/g xylanase 225 39+03

380 20.5 £ 0.1 139 £0.2
370 256 £0.8 164 £ 0.3
370 283 £ 04 17.9 £ 0.7
370 27.6 £0.2 173 £ 0.1

demonstrated that the thermal degradation of the
sample in region II was reduced by enzyme treatment.
After region II, the mass loss rate of the cellulose
sample was reduced (Fig. 3a). The TGA curve from
this point to the final test temperature of 600 °C was
defined as region III, and this stage was the graphi-
tization stage of cellulose. The residues of the
cellulose structure were aromatic and gradually
formed a graphite structure (Shafizadeh 1982). In
region III, when the temperature exceeded 500 °C, the
cellulose decomposed to produce various low molec-
ular weight products, including low-molecular-weight
organic matter, CO, CO, and H,O (Peng et al. 2013).
At the final test temperature of 600 °C, the final
residues of the control sample and CNF samples
treated with 5, 10 and 30 IU/g xylanase were
13.9 + 0.2, 164 + 0.3, 17.9 + 0.7 and
17.3 £ 0.1%, respectively (Table 2). It could be seen
that the residue of the control sample was the lowest,
and the mass of the CNF obtained by the enzymatic
treatment were increased after high temperature
degradation. These results may occur because the
enzyme removed part of the hemicellulose and lignin,
and the cellulose more easily formed an aromatic ring,
forming a graphite structure. The sample underwent a
water evaporation process at higher temperatures, and
the surface of the nanofibers became compact to form
a graphite structure, thereby reducing the thermal
degradation of the fibrils (Meng et al. 2016).

In the nitrogen atmosphere, the CNF samples
prepared after xylanase treatment and the comparative
samples were subjected to thermogravimetric analysis
(TGA), and the heating rates were controlled at 2, 5
and 10 °C/min. Figure 4 shows the TGA curves for
each sample at heating rates of 2, 5 and 10 °C/min. In
order to better compare the thermal behavior of each
sample, the weight loss due to moisture in the sample
during the experiment was not considered (0-5% from

@ Springer

30to 100 °C). Therefore, the starting point of the TGA
and DTG curves for each sample is set to 100 °C. The
temperatures at which the sample weight loss was 3, 5,
and 10% and the peaks of the DTG curve were
recorded as Tzq, Tsq, Tio% and Ty, respectively. All
samples were controlled from 100 to 600 °C to
observe their thermal degradation. The effects of
different heating rates on the thermal stability of four
different CNFs are shown in Table 3.

It can be seen from Fig. 4 and Table 3 that heating
rate increase, Tsq, Tsq, T10% and Ty all showed an
increasing trend. There was no significant difference
in the maximum thermal decomposition temperature
of the four samples when the heating rate was 2 and
5 °C/min. The thermal stability of the control sample
was significantly higher than that of the three samples
treated with xylanase when the heating rate was 10 °C/
min. The reason is that cellulose decomposes rela-
tively easily at high heating rates and forms more
volatiles in a short time (Shen and Gu 2009). In
general, the higher the heating rate, the smaller is the
effect of mass transfer control. The holes in the DSC
crucible greatly influenced the mass transfer control,
resulting in a change in the amount of DSC per unit
time (Milosavljevic et al. 1996). The maximum
degradation temperatures of the control sample and
the xylanase-treated samples with 5, 10 and 30 IU/g
were 354,342,339 and 335 °C, respectively, when the
heating rate was 10 °C/min. CNF obtained after
xylanase treatment contain a higher carboxyl content
(Nie et al. 2018), and the carboxyl group affects the
thermal stability of CNF (Meng et al. 2014). The
presence of carboxyl groups promoted the decarboxy-
lation reaction during the thermal degradation of CNF
(Stamm 1956), which caused the cellulose to be
pyrolyzed into small molecule products (Zhu et al.
2012), thereby reducing the cellulose stability. By
selectively oxidizing the primary hydroxyl groups at
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Fig. 4 TGA analysis of the cellulose nanofibrils heated at 2, 5 and 10 °C/min
Table 3 TG data of the CNF, heated at 2, 5 and 10 °C/min
Sample 2 °C/min 5 °C/min 10 °C/min
Ts0 Tsa Tio% T4 Tz Tsa Tio% T4 Tz Tsa Tio% T4
Control 118.5 236 278 329 241 274 295 343 284 295 310 354
5 IU/g xylanase 119 246 286 328 258 283 304 343 275 291 310 342
10 IU/g xylanase 232 275 292 328 242 278 300 343 251 266 300 339
30 IU/g xylanase 119 246 283 328 271 298 309 343 276 278 300 335

the C6 position of the cellulose to carboxyl groups,
Kumar and Yang (2002) found that the thermal

stability of the modified cellulose deteriorated and

that Ty decreased with increasing carboxyl content.

CNF

Thermal stability for samples at different stages
of fibrillation

as a composite material.

Thermal stability is a very important parameter for
Two important
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temperature characteristics, Tonser and Ty, could be
obtained by analyzing the TGA mass loss curve and its
derivative curve with temperature. T, was defined
as the temperature at which the sample mass loss
begins to change significantly and could be obtained
by a tangent method (Fig. 5). T4 was the maximum
value of the weight curve derivative, and the sample
was most rapidly degraded at this temperature (Nair
and Yan 2015; Valkenburg et al. 2005). Table 4 shows
the particle diameter, Ty, and T4 values for the
xylanase-pretreated fibers at different stages of fibril-
lation. As seen from Table 4, the T, Values of the
fibers treated with 5 and 30 IU/g xylanase were 302
and 299 °C, respectively, and the T4 values were 359
and 364 °C, respectively. When the number of
mechanical grinds was different, the T, and Ty
values of the fiber samples treated by the xylanase
showed a decreasing trend with the increasing number
of grinding channels indicating that the fiber size will

Fig. 5 TGA and DTG for
the xylanase pretreated
cellulose nanofibrils at
different stages of
fibrillation
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Weight (%)

affect its thermal stability. Therefore, thermal stability
of the small size CNF is lower than the bigger one
because the small size CNF have a much larger
specific surface area and are more likely to be exposed
during heating. Thus, the pyrolysis rate was acceler-
ated and the corresponding thermal stability was
ultimately reduced (Quiévy et al. 2010).

The cellulose crystallinity was also affected by the
thermal stability, and the X-ray diffraction spectra of
the fibers of different grinding channels after enzyme
treatment are shown in Fig. 6. The X-ray display of the
peak diffraction pattern was composed of several
different crystal face composite peaks, and the main
diffraction peaks 260 = 14.8°, 16.3°, 22.5°, and 34.5°
corresponded to the Miller indices, respectively, at
— 110, 110, 200 and 004 (French 2014; Nishiyama
et al. 2003). The crystallinity index of the fiber could
be calculated from the height ratio between the crystal
intensities (Segal et al. 1959). The crystallinity of the

— 51U/g Xylanse 0 pass
51U/g Xylanse 5 pass

=]

onset
— 5 1U/g Xylanse 10 pass
— 30 IU/g Xylanse 0 pass
— 30 IU/g Xylanse 5 pass

100 200 300 400 500 600 700 800
Temperature (°C)

— 51U/g Xylanse 0 pass
— 51U/g Xylanse 5 pass
— 5 1U/g Xylanse 10 pass
— 30 IU/g Xylanse 0 pass
— 30 IU/g Xylanse 5 pass

Ty

100 200 300 400 500 600 700 800
Temperature (°C)
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Table 4 Particle diameter,

Sample Particle diameter (nm Tonset (°C Ty (°C
Tonset and Ty values for the P (oum) (O 4 (O
xylanase pretreatment of 5 IU/g xylanase O pass 113.2 302 359
fibers at different stages of
fibrillation 5 IU/g xylanase 5 pass 88.3 294 356

5 IU/g xylanase 10 pass 60.6 287 354

30 IU/g xylanase O pass 90.5 299 364

30 IU/g xylanase 5 pass 75.1 290 359

30 IU/g xylanase 10 pass 48.5 287 356
Fig. 6 XRD profiles from 200

films of cellulosic samples 110 100

004

_ .
= 301U Ianasw
z y P CI=78.6
o
= 5 IU xylanase 1_0““[)333 ____________ T T - « ------------------------------------------ Cl=69.5
SIUxylanase S pass e —— Cl=74.2
51U xylanase 0 pass .- e e
-------------------------- CI=75.6
1 n 1 n ]
10 20 30 40

fiber treated with 30 IU/g xylanase prior to grinding
was 78.6, which was higher than that of the 5 IU/g
xylanase treated fiber sample (75.6). These results
might occur because when the amount of xylanase was
greater, the hemicellulose and lignin in the fiber were
degraded and dissolved (Gordobil et al. 2014).
Hydrolyzed hemicellulose was mainly in the amor-
phous area, so the proportion of the corresponding
crystallization region after enzyme treatment would
rise, and the crystallinity index would also rise. As the
number of grinding passes increased, the crystalline
area of the cellulose was destroyed and the length of
the cellulose chain was shortened, resulting in a
smaller crystal area and thereby reducing the crys-
tallinity of the sample (Nair and Yan 2015). However,
the increased carboxyl groups and decreased fiber size
are considered to decrease the thermal stability, while,
the increase of crystallinity is normally considered to
increase the thermal stability. In fact, the fiber size and
hemicellulose content have the main effect on the
thermal stability of CNF than the effect of crys-
tallinity. The thermal stability of the cellulose samples
was increased by a relatively low degree of crys-
tallinity and a relatively large size. It could be seen

Diffraction angle 20 (°)

that, in terms of thermal stability, the cellulose
samples without grinding had higher stability values
than those after grinding.

Conclusions

Xylanase-aided mechanical production of CNF from
unbleached bagasse pulp was assessed to evaluate the
effect of enzymatic treatment on the thermal stability
of CNF. It appeared that proper retention of hemicel-
Iulose and lignin in CNF is helpful for improving the
thermal stability of CNF. This work opens the door for
CNF production from unbleached pulp and will
simplify the complicated purification process. In
addition, high haze CNF with a small amount of
hemicellulose are a potential substrate for flexible
solar cells. The hemicellulose particles will increase
light blockage and thus improve the energy storage
efficiency of solar cells.
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