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In this work, a sustainable and green process to prepare nanocrystalline cellulose (NCC) from bleached
hardwood pulp was demonstrated. Rod-like nanocrystalline cellulose with the size of 15-40 nm in width
and hundreds of nanometers in length was obtained through H3PW1,049 (HPW)-catalyzed hydrolysis
of bleached pulp fibers under the mild reaction conditions. Thermogravimetric analysis revealed that
the resulting NCC exhibited much higher thermal stability than the partially sulfated NCC (prepared
by sulfuric acid). In addition, the concentrated HPW could be easily recovered and recycled through
the extraction with diethyl ether, and the recovered HPW could be reused for several rounds of cellulose
hydrolysis without activity lost. These fundamental studies are of crucial importance for the development
and application of NCC products/NCC-based biomaterials with good thermal stability.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose is one of the most abundant biodegradable polymers
and it has been widely used as the reinforcing element in fiber-
thermoplastic composite materials at industrial scale in recent
years (Eichhorn et al., 2001; Hebeish, Farag, Sharaf, & Shaheen,
2013). Nanocrystalline cellulose (NCC) prepared from acid hydrol-
ysis of natural cellulose, is typically a rod-like cellulose whisker
which is 5-70nm in diameter and hundreds of nanometers in
length (Klemm et al., 2011). The size variation of NCC is highly
dependent upon the origin of raw material as well as the prepa-
ration methods and conditions. Due to its nano-scale dimension,
NCC has many superior properties compared to the general cellu-
lose, such as, high aspect ratio and crystallinity, excellent optical
properties and great mechanical strength (Abraham et al., 2012;
Habibi, Lucia, & Rojas, 2010; Kovacs et al., 2010; Lavoine, Desloges,
Dufresne, & Bras, 2012). Therefore, NCC has many potential appli-
cations, particularly for the production of value-added materials
(Shen, Song, Qian, & Ni, 2011). For example, nanopaper based on
nanofibrillated cellulose has excellent optical transparency, high
mechanical properties (tensile strength of 208 MPa and Young’s
modulus of 20 GPa) and high gas barrier properties compared to the
traditional paper and plastic substrates (Huang et al., 2013; Yousefi,
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Nishino, Faezipour, Ebrahimi, & Shakeri, 2011). Chiral nematic NCC
confined within a silica host is an ideal precursor for mesoporous
carbon material, which can be used as an effective electrode mate-
rial for super capacitors and selective sensors (Shopsowitz, Hamad,
& MacLachlan, 2011). The nano-dimension and strength of NCC
make it an ideally reinforcing material for fibrin to provide a new
type of biomaterial for artificial vascular graft applications (Brown,
Hu, Abu Lail, & Zhang, 2013).

The common method to prepare NCC is hydrolysis of cellulose
by mineral acids, including sulfuric acid (Beck-Candanedo, Roman,
& Gray, 2005; Fan & Li, 2012; Tang, Yang, Zhang, & Zhang, 2014;
Wang et al., 2012), hydrochloric acid (Yu et al., 2013), phosphoric
acid (Camarero Espinosa, Kuhnt, Foster, & Weder, 2013), and their
mixtures (Teixeira, de Oliveira, Mattoso, Corréa, & Paladin, 2010).
Although this method is simple, some issues need to be addressed,
such as serious equipment corrosion, large water usage and gener-
ation of a great amount of waste. Recently, many studies have been
focused on the optimization of hydrolysis parameters, the avoiding
of corrosion and the reduction of waste disposal. In these studies,
the substitution of strong liquid acids by solid acids has been inves-
tigated for environmental and sustainable reasons. For example,
previous work reported a cation exchange hydrolysis method to
prepare NCC with a yield of 50%, and the solid cation exchange
resin can be regenerated by a post-treatment procedure (Tang,
Huang, Ou, Chen, & Chen, 2011). The major advantages of solid acid
hydrolysis are the easy recovery of solid acid from the reaction mix-
ture, the less corrosion and the relatively safe working environment
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(Huang & Fu, 2013; Trolliet, Coudurier, & Védrine, 2001). However,
the limited contact between solid acid and cellulose significantly
increases the hydrolysis time. Previous studies have demonstrated
that phosphotungstic acid (H3PW1,049, HPW) has abundant Bron-
sted acid sites which can break the (-1, 4-glycosidic bonds in
cellulose. Hence, it is an alternate catalyst of traditional mineral
acids for the hydrolysis of cellulose into glucose (Drago, Dias, &
Maier, 1997; Li et al., 2012; Shimizu, Furukawa, Kobayashi, Itaya, &
Satsuma, 2009). Therefore, it is expected that NCC can be produced
by HPW through controlling hydrolysis parameters, and the HPW
can be easily recycled. In this work, a sustainable route to prepare
NCC from hardwood pulp by HPW hydrolysis was reported, and the
recovery and reuse of the concentrated HPW were demonstrated
as well.

2. Experimental
2.1. Materials.

The bleached hardwood pulp was obtained from Shandong
Chenming Paper Co., Ltd., China. The chemical composition of
wood pulp was analyzed according to Technical Association of Pulp
and Paper Industry (TAPPI) standards, and the results are shown
in Table 1 (Two replicates were conducted and the average was
reported). Sulfuric acid, ethanol, diethyl ether, tetrahydrofuran and
phosphotungstic acid (H3PW;,049, HPW) were purchased from
Sinopham Chemical Reagent Co., Ltd. All chemicals were of ana-
lytical grade and used as received.

2.2. Preparation of the nanocrystalline cellulose (NCC) suspension

The overall procedure for the preparation of NCC by using HPW
is given in Fig. 1. The starting wood pulp (0.5 g) was added to 40 mL
HPW (H3PW1,04) solution with the desired concentration varied
from 50% to 85%. The mixture was heated at 90 °Cin an oil bath with
mechanical stirring for the required time (15-30h). Upon comple-
tion, the reaction was stopped by rapidly cooling the reactor in
an ice bath to room temperature. Then, the resulting mixture was
extracted twice with superfluous diethyl ether. As HPW could be
completely extracted from water phase by diethyl ether, and HPW
and diethyl ether could form a composite with large specific gravity
(this composite could not be dissolved in diethyl ether or in water),
three layers were formed after standing. The lowest layer (formed
by diethyl ether and HPW) was collected, and the HPW was recov-
ered after the complete evaporation of diethyl ether. After being
dried at 45 °C overnight, the recovered HPW could be reused for a
second run of hydrolysis as the fresh HPW with the same procedure
as described above. The upper layer was the excess diethyl ether
with lower specific gravity (0.7134 g/cm?3, probably mixed with a

very small amount of water). To verify the component of the upper
layer, FTIR-ATR analyses of pure diethyl ether and the upper layer
were carried out, and the results are shown in Fig. S1. It can be seen
that the upper layer had similar FTIR spectrum pattern with pure
diethyl ether except for the peaks at around 3432 and 1643 cm™!,
which were associated with the mixed small amount of water. The
upper layer was decanted and the diethyl ether could be recovered
by simple evaporation. The middle layer mainly contained water
and NCC, as well as the degraded sugars (as tested, the concen-
trations of glucose, xylose, and arabinose were 0.629 g/L, 1.519 g/L,
and 0.028 g/L, respectively. Furfural substances were undetected.).
The middle layer was centrifuged (6000 rpm) for 15 min at room
temperature, and the supernatant was decanted. Ethanol (40 mL)
was added to the precipitation from the middle layer, followed by
5 min of mixing and centrifugation (2000 rpm x 15 min) to remove
unreacted cellulose. The suspension was washed with ethanol to
remove excess acid and diethyl ether, and the NCC was collected for
further centrifugation at 12,000 rpm for 15 min. After that, the NCC
was washed by deionized water, and the washing/centrifugation
cycles were repeated twice. Finally, the NCC water suspension was
obtained.

For comparison, the sulfated NCC (s-NCC) was prepared by
using 64% H,SO4 with the solid to liquid ratio of 1:20 at 55°C
for 1h. The hydrolysis reaction was stopped by diluting 10-fold
(volume) with deionized water. After setting, the clear top layer
was decanted off and the remaining cloudy layer was centrifuged
at 6000 rpm for 15 min at room temperature. The resulting cellu-
lose gel was washed with deionized water and centrifuged again at
6000 rpm for 15 min. The procedure of washing and centrifugation
was repeated three times. Subsequently, the resulting precipitate
was dialyzed with a cellulose dialysis membrane with 12-14 kDa
molecular weight cut off against deionized water until neutraliza-
tion. At last, the obtained suspension was stored in a cool room for
further studies.

2.3. Dispersion studies.

The dispersibility of the obtained NCC and s-NCC was observed
by preparing NCC and s-NCC dispersions with water, ethanol, and
tetrahydrofuran, respectively, at the concentration of 5 mg/mL. All
samples were simultaneously sonicated for 10 min and the dis-
persibility was investigated by taking pictures of the obtained
suspensions immediately after sonication and after standing for
12 h and 48 h, respectively.

2.4. Drying of the NCC suspensions

Direct water evaporation: the 2% NCC suspension was placed in
an oven at 40 °C for overnight. Freeze-drying: the 0.04% and 1% NCC
suspensions were first frozen under —20°C and then placed into a
vacuum-freeze dryer for 2 days.

2.5. Characterization.

2.5.1. Scanning electron microscopy (SEM)

The wood pulp before and after hydrolysis was subjected to
observation by using a scanning electron microscope (Hitachi S-
4800, Japan) at 3.0 kV. Surface of the sample was coated with gold
under vacuum before observation.

2.5.2. Transmission electron microscopy (TEM)

Dilute NCC suspensions with the concentration of 0.01% were
deposited on carbon-coated TEM grids. After the samples were
completely dried, the images were taken using a field emission
H-7600 electron microscope (Japan) at 100 kV.
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Table 1
Chemical composition of the original pulp.

Material Cellulose (%) Hemicellulose (%)

Lignin (%)

Extractive (%) Ash (%) Moisture content (%)

Wood pulp 87.31 11.26 1.50

0.00 0.15 4.4

2.5.3. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded on a Thermo Nicolet FTIR spectrom-
eter (Nicolet 6700, USA) in the range of 400-4000cm~! with a
resolution of 4cm~1, and 20 scans for each sample were conducted.

2.5.4. Thermal stability analysis

The thermal decomposition behavior of wood pulp and NCC
was studied by a thermo-gravimetric analyzer (TGA, Rubotherm-
DYNTHERM-HP, Rubotherm Co., Germany) with temperature range
from room temperature to 600°C at a heating rate of 10°C/min
under nitrogen (25 mL/min).

2.5.5. X-ray diffraction (XRD) analysis

X-ray diffraction patterns of the samples were characterized
on a Bruker D8 ADVANCE X-ray diffractometer (XRD, Bruker Co.,
Germany) equipped with Ni-filtered Cu Ka radiation generated at
40kV and 40 mA. The scattering angle range was 5-80° with a scan
rate of 4°/min. The crystallinity index (Crl) was calculated accord-
ing to the empirical method developed by Segal, Creely, Martin, and
Conrad (1959) using the following equation:

Crl = 1002 - Iamorph
loo2

where Igg; is the maximum intensity of the (00 2) lattice diffrac-
tion and I merpn is the intensity diffraction at 260 =18°.
Crystal sizes were estimated using the following equation:

b _ 09
h“_ﬁl/zcose

where Dy, is the crystal dimension in the direction normal to the
diffracting planes with Miller indices of hkl, X is the wavelength of
X-ray radiation (1.54 A), and B4 12 is the full width at half-maximum
of the diffraction peaks.

2.5.6. Elemental analyses

Elemental analyses were carried out in an Elemental Ana-
lyzer (Vario EL cube, ELEMNTAR, Germany) equipped with CHNS/O
columns. For the CHNS column, He was used as the carrier gas, and
0, was employed for the oxidation of the samples. Before analy-
ses, about 1g samples were put in a vacuum drier at 30°C for 1h,
and then the dried samples were put in a desiccator to be cooled at
room temperature. The elemental analyzer was calibrated before
each usage using at least five samples of the same 4-aminobenzoic
acid standard.

3. Results and discussion
3.1. Preparation of NCC suspension

The hydrolysis of cellulose was attempted at different tempera-
tures, and no cellulose nanocrystal was obtained below 90 °C. Thus,
to operate the process at atmosphere pressure and to avoid exces-
sive hydrolysis of cellulose to glucose or amorphous flocks, the
hydrolysis temperature was fixed at 90°C in this study. Different
acid concentrations and reaction time were employed to obtain
NCC with high yield and the uniform dimensional appearance. It
was found that at lower HPW concentration of 50% (w/w), the
reaction mixture remained pulpy even at a long reaction time for

Fig. 2. SEM image of large fiber after hydrolysis by 50% HPW at 90 °C for 30 h (a), SEM image of the flocks isolated after hydrolysis by 85% HPW at 90 °C for 15 h (b), photograph
of NCC gel (c) and TEM image (d) of isolated NCC after hydrolysis by 75% HPW at 90°C for 30 h.
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Fig. 3. Effect of reaction time on NCC yield under the same acid concentration of
75% HPW solution and reaction temperature of 90 °C.

2 days (Fig. 2a). When increasing the acid concentration to 65%
(w/w), the pulpy mixture was converted to fibers with relatively
low NCC yield (20%) after 15 h hydrolysis, and the yield was barely
raised by extending the reaction time to 35 h. However, when the
concentration of HPW was over 80% (w/w), a tendency to form
flocks was observed. This may be due to the fact that the high HPW
concentration can swell cellulose crystalline so that the cellulose
macromolecules were fully depolymerized and turned into amor-
phous nanoparticles in water (Fig. 2b), instead of forming rod-like
crystals. The desired suspension of NCC gel with relatively high
yield (60%) was obtained at 90 °C for 30 h by the use of 75% (w/w)
HPW, and the dimensions of the well-dispersed rod-like NCCs crys-
tals were 15-25nm in width and 600-800 nm in length (Fig. 2d).
It can be seen from Fig. 3, the elongation of reaction time could
increase the NCCyield, and the NCC yield reached 60.5% after HPW
hydrolysis for 30 h. This yield is comparable with the one (63.8%)
obtained from cotton pulp fibers by sulphuric acid hydrolysis under
the optimized conditions (Fan & Li, 2012), while it is lower than
that (76-80%) achieved by phosphoric hydrolysis for filter paper
(Whatman No. 1) (Camarero Espinosa et al., 2013). However, fur-
ther prolonging the reaction time of HPW hydrolysis resulted in a
decreased yield of NCC. Due to the limited contact between solid
acid and cellulose, the HPW hydrolysis efficiency is much lower,
and the hydrolysis time is significantly increased compared to the
common acid hydrolysis (Yu et al., 2013). This problem may be
addressed by introducing some suitable methods, such as ultraso-
nication, microwave irradiation, or the addition of suitable catalyst
(Lietal., 2012).

3.2. Dispersibility of NCC

Generally, the dispersibility of NCC in a solvent system is mainly
dependent on the surface charge of the particles and the ionic
strength of the system (Camarero Espinosaetal.,2013; Dong, Revol,
& Gray, 1998). The dispersibility of NCC is of critical importance for
its successful application. Fig. 4 shows the dispersibility of NCC and
s-NCC dispersions in several different solvents (water, ethanol, and
tetrahydrofuran) after sonication and standing for different times.
The concentration of the prepared suspensions was 5mg/mL. As
can be seen from Fig. 4, after sonication, both NCC and s-NCC could
be well dispersed in water, ethanol, and tetrahydrofuran, respec-
tively. However, there were clear aggregates of NCC in ethanol after
12 h standing, and obvious precipitation of NCC in both water and
ethanol after 48 h standing, while s-NCC exhibited much better dis-
persibility in water and ethanol as presented in Fig. 4. This was
due to the existing of a large amount of sulphate groups on the

s—NCC

After

sonication

12h

48h

Fig. 4. Photographs of dispersions of NCC and s-NCC in water, ethanol and tetrahy-
drofuran (from left to right). In each case, the NCC concentration was 5 mg/mL.
Pictures were taken at O h, 12 h, and 48 h, respectively after sonication.

surface of s-NCC, thus generating a strong ionic repulsion between
s-NCC particles (Habibi et al., 2010; Yu et al., 2013). Actually, the
zeta potential of the prepared s-NCC and NCC suspension was about
—20and —10mV, respectively. Fig. 4 also shows that both NCC and
s-NCC could easily aggregate in tetrahydrofuran due to the fact
that their surface was highly hydrophilic. The good dispersibility
of NCC in polar or non-polar solvents could be achieved by surface
modification (Zaman, Xiao, Chibante, & Ni, 2012; Zaman, Liu, Xiao,
Chibante, & Ni, 2013). In addition, it is worth pointing out that the
aggregated NCC can be re-dispersed through ultrasonic treatment.
A similar phenomenon was also found for the NCC prepared by
hydrochloric acid hydrolysis under hydrothermal conditions (Yu
etal., 2013).

3.3. Morphology of NCC after evaporation-drying and
freeze-drying

Two different methods i.e. evaporation-drying and freeze-
drying were investigated to separate NCC from its suspension.
FE-SEM shows that these two separation methods resulted in dif-
ferent morphology and microstructure of self-assembled NCC. After
the complete evaporation of water from 2% NCC suspension, a
transparent and flexible film was obtained (Fig. 5). While different
types of NCC were obtained via ultrasonic-dispersion and freeze-
drying process. It was found that the suspension concentration
significantly influenced the properties of the resultant cellulose
nanofibers via ultrasonic processing, and the particle concentration
in suspension was critical to the morphology of freeze-dried NCC,
which is in agreement with previous reports (Chen et al., 2013;
Deville, Saiz, Nalla, & Tomsia, 2006). With concentration of 1.0%,
cellulose nanoparticles self-organized into fluffy foam composed
of overlapping nanofiber layers, as shown in Fig. 6(a-c). In con-
trast, with concentration of 0.04%, the NCC tended to self-assemble
into ultrafine powder, which exhibited porous network structure at
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(a)

C

Fig. 5. Photographs of a transparent and flexible NCC film.

the micrometer scale, as shown in Fig. 6(d-f). These findings were
consistent with the results reported by Han, Zhou, Wu, Liu, and Wu
(2013).

3.4. Chemical and crystalline structures of as-prepared NCC
The X-ray diffractograms in Fig. 7a shows the diffraction pat-

terns with diffraction peaks at around 20=14.9°, 16.4°, 22.7°
and 34.5°, corresponding to the (101), (110), (200) and (040)

crystallographic planes of a typical cellulose I structure (Li &
Renneckar, 2011; Park, Baker, Himmel, Parilla, & Johnson, 2010).
Compared to the crystalline index of 65% for wood pulp sample,
the crystallite index for NCC was 85%. An increase of about 20%
in crystallite should be attributed to the hydrolysis of amorphous
regions in pulp. The average crystallite size of the pulp sample was
3.9nm and that for the NCC was 5.8 nm. The increased crystallite
size of NCC mainly reflected the narrowing of the crystallite size dis-
tribution after hydrolysis (Lu & Hsieh, 2012). Moreover, the 22.6°

KV 4.1mm x15.(

V 4.6mm x90.0

Fig. 6. Self-assembled NCCs obtained by lyophilization at different concentration. (a-c) 1.0% and (d-f) 0.04%.



420 Y. Liu et al. / Carbohydrate Polymers 110 (2014) 415-422

Intensity

T T T

20 30 40
2 Theta (degree)

[0
o
C
S
=
(2]
C
©
£
-
1058
T T T * T N T % T ki T
3500 3000 2500 2000 1500 1000
Wavenumber (cm'1)
(c)
100
—~ 804
§
€
8 60
3
= s-NCC
o) 40
@ NCC
=
20
'
pulp
0 T T T T
100 200 300 400 500

Temperature

Fig. 7. (a) X-ray diffraction patterns of pulp and NCC, (b) FT-IR spectra of original
wood pulp and NCC, (c) TG curves of pulp and NCCs obtained through different
preparation routes.

corresponding to the (2 0 0) plane of NCC became shaper, indicating
higher perfection of the crystal lattice in the (2 00) plane than the
original pulp. The peak at 20 =15.0° became more intense and was
separated from the peak at 260=16.4° for NCC, indicating a more
compact and ordered crystalline structure.

FTIR spectra were used to characterize the chemical groups on
the surface of NCC, as shownin Fig. 7b. The absorption bands at 3341
and 2901 cm~! were assigned to O—H stretching vibration and C—H
stretching vibration, respectively. The peaks at 1429, 1161, 1110
and 897 cm~! were thought to be the typical bonds of cellulose I(I8)
(Leung et al., 2011), which was consistent with XRD analysis. No

Table 2

The results of elemental analysis for pulp, fresh HPW and the regenerated HPW.
Samples N% C% H% S%
Original pulp 0.23 42.34 6.377 0.542
Fresh HPW 0.27 0.04 0.973 0.514
HPW reused once 0.22 0.04 0.762 0.252
HPW reused twice 0.44 0.03 1.236 0.539
HPW reused three times 0.36 0.08 1.090 0.485

significant difference was found in the spectrum of NCC compared
to that of wood pulp.

3.5. Thermal stability of NCCs

Fig. 7c shows the TGA curves of the original bleached wood pulp,
the NCC obtained from HPW hydrolysis, and the NCC obtained via
traditional sulfuric acid hydrolysis, respectively. As can be seen,
the NCC prepared by sulfuric acid hydrolysis had the lowest ther-
mal stability and its decomposition temperature was about 245 °C.
This was because the elimination of sulfuric acid in sulfated NCC
required less energy (i.e. lower temperature) (Yu et al., 2013), and
thus the released sulfuric acid would further accelerate the depoly-
merisation of cellulose by removing some of hydroxyl groups
either by an esterification mechanism or by direct catalysis (Julien,
Chornet, & Overend, 1993; Roman & Winter, 2004). In comparison,
NCCs obtained from HPW hydrolysis exhibited much higher ther-
mal stability, and its decomposition temperature was about 350 °C
(same as the wood pulp fibers). This was due to the lesser amount
of damage in the crystalline regions and surface structure during
the mild conditions of HPW hydrolysis process. The high thermal
stability of NCC has large potential applications (Jonoobi, Harun,
Mathew, & Oksman, 2010; Oksman, Mathew, Bondeson, & Kvien,
2006). For instance, the prepared NCC can be used as a filler in var-
ious materials or coatings that has high requirement of thermal
stability (Hubbe, Rojas, Lucia, & Sain, 2008).

3.6. Reusability of HPW

As illustrated in Fig. S2, the XRD pattern of the recovered HPW
was consistent with the fresh HPW. According to the published
research (Dias, Osegovic, & Drago, 1999; Li et al., 2012), the crys-
tal structure of HPW was primarily composed of the Keggin anion
([PW12040]37) (Keggin, 1933), and the Keggin structure of crys-
talline HPW was maintained in solution, turning out that the
strength and behavior of the solvated HPW might be similar to
those of solid HPW, which was due to the same Keggin anion in
solution. The FTIR spectra (Fig. S3) clearly exhibited absorption
bands in the 1100-850 cm~! fingerprint region. The peaks at 1083,
984, 886 and 805 cm~! were attributed to v,5 (P—0a), vas (W=0d),
Vas (W—0b—W) and vys (W—0c—W) respectively, coinciding with
the characteristic ones of the Keggin structure (Pizzio, Caceres, &
Blanco, 1998; Timofeeva et al., 2003). From the above analysis, it
could be concluded that there were no significant changes in struc-
ture for the recovered HPW after each round of reaction. In addition,
the elemental analyses tests for the fresh HPW and the regener-
ated HPW were performed. Four elementals (N, C, H, and S) were
tested for each sample, and the measurement error from the instru-
ment was about 0.1%. According to Table 2, the C content of fresh
HPW and the regenerated HPW could be considered as 0, and thus
we could conclude that there were no materials attached onto the
regenerated HPW. The very little amount of N might be associated
with the impurities in the carrier gas during tests, and the very
small amount of S might be associated with the impurities in the
raw material.
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Fig. 8. (a) TEM image of NCC isolated by hydrolysis with the recovered HPW after being used twice, (b) TEM image of NCC isolated by hydrolysis with the recovered HPW
after being used five times, (c) the reusability of HPW for the hydrolysis of pulp under the same reaction conditions: 75% HPW, 90°C, 30 h.

Therefore, the regenerated HPW should have similar reactivity
to the fresh HPW. To verify this, the regenerated HPW was used to
prepare NCC by the use of the same procedure as the fresh HPW.
Based on the results obtained, the concentrated HPW as the catalyst
could be recovered and reused for at least five times for cellulose
hydrolysis to prepare isolated NCC. Morphology of NCC isolated by
hydrolysis with the recovered HPW after several runs was similar
to the ones isolated by the fresh HPW (Fig. 8a and b). The activity
of the recycled HPW could be tested by real reaction. Fig. 8c shows
that the catalytic activity of HPW in the 5 cycles’ reuse remained
almost unchanged. After reusing 5 times, the NCC yield still could
reach about 58%.

4. Conclusions

In this paper, a green and sustainable method for the preparation
for nanocrystalline cellulose (NCC) from bleached hardwood pulp
by the concentrated H3PW1,049 hydrolysis was established. It was
found that the size of the obtained NCC particles after hydrolysis
(75% of H3PW15049 at 90°C for 30 h) was 15-40 nm in width and
hundreds of nanometers in length. The prepared NCC had relatively
good dispersibility in aqueous phase and high thermal stability. In
addition, the used H3PW1,04¢ could be readily recovered and it
exhibited consistently high performance in several runs of reaction.
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