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Cellulose nanowhiskers (CNWs) from plant biomass are of considerable interest, primarily due to their low
density, biodegradability, mechanical strength, economic output, and renewability. Here, a new pretreatment
method has been developed to produce CNWs based on supercritical CO 2 and ethanol. The raw material was
micro-fibrillated cellulose (MFC) and experimental factors were controlled to enhance the properties of CNWs
produced using a ball-milling technique following supercritical CO2 pretreatment. Cellulose nanofibers (CNFs)
were also prepared using a high-pressure Microfluidizer©. A comparative study was conducted of the properties
of the raw materials, the CNWs and the CNFs. The solid yields of P-MFC after supercritical CO2 pretreatment
gradually decreased, along with the temperature and the reaction time. Scanning electron microscopy (SEM)
images of the CNWs and CNFs show that the morphology of the CNWs was basically acicular, while that of the
CNFs was mainly soft fibrous. Thermogravimetric analysis results suggest that the thermal stability of the CNWs
was substantially higher than those of the CNFs and the raw material. XRD results indicate that the crystallinity
showed an initial increasing trend and then declined with increasing temperature and reaction time, and the
crystallinity value of CNWs was higher than that of CNFs. The smaller CNWs became rougher and had a larger
surface area.
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INTRODUCTION
In recent years, increasing attention has been paid to nanocellulose,1 and there are many efficient
methods to extract nanocellulose from different lignocellulosic materials.2-4 Cellulose nanowhiskers
(CNWs) have become recognized globally as a natural material, with great potential in the
development of new green nanocomposites, which can be obtained from abundant renewable
resources.5 CNWs have applications in the engineering field, including electronic and optical
equipment,6 as well as composite materials.7 They also have applications in molecular biology,8 owing
to their properties, such as high surface area, low density, tunable surface functions, biocompatibility
and biodegradability.9,10
CNWs can be produced from various lignocellulose sources by chemical and mechanical methods.
The chemical methods used include acid hydrolysis,11 TEMPO oxidation,12 enzymatic hydrolysis13-15
etc., and while the CNFs or MFCs could be prepared through mechanical approaches, including
refining,16 homogenizing,17 micro-fluidization,18-20 grinding, cryocrushing21-23 and high intensity ultrasonication24-26 after various pulping processes, i.e. chemical, mechanical, and chemi-mechanical. These
mechanical processes can be used separately or in combination.18,27 Comparing the properties of CNFs,
in relation with the energy demand for their production by homogenization, micro-grinding and microfluidization methods, Spence et al.27 concluded that the highest specific surface area of CNFs was
produced by homogenization. However, CNF films produced by micro-grinding and microfluidization showed superior physical, mechanical and optical properties, coupled with reduced energy
consumption, in comparison with homogenization. Unfortunately, all the above mechanical procedures
are energy-intensive and this can lead to a steep decline in both yields and fibril lengths. Thus, recent
studies have shifted the focus to finding high-efficiency, environmentally friendly and low-cost
methods to isolate CNWs.
Over the last few years, supercritical solvents have been proposed as a reaction system with the
capability to enhance the effect of the pretreatment process.28 Supercritical fluids exhibit gas-like

diffusivity and liquid-like dissolving capability, and this reduces the heat and mass transfer resistance
during the reaction. However, two-state CO2 (gaseous and liquid) in the supercritical CO2 system has
higher dissolution capability of polar and non-polar substances, and the liquid CO2 is acidic and has an
autocatalytic effect on water removal from the amorphous region of cellulose. Subcritical water may
also promote the hydrolysis of the amorphous and semi-crystalline regions of cellulose. This process
shows great potential for cellulose nanocrystal production, because it uses only water as the
hydrolyzing agent, and although it demands more energy due to the use of a high pressurized reactor,
the overall process may be less expensive because it does not require numerous washing steps.
However, more studies are needed exploring other reaction conditions in order to explain the
mechanism of hydrolysis with subcritical water. A combination of pretreatment and refining processes
has led to the successful fabrication of uniform CNWs with a high degree of fibrillation.29 Similarly,
Wang and Cheng25 compared the application of high-intensity ultra-sonication (HIUS) solely and in
combination with high-pressure homogenization (HPH), and found that the combination of the two
methods improved the effectiveness of fibrillation and produced uniform nanofibers, compared with
one method used alone.
Herein, a new pretreatment process has been explored for the preparation of CNWs using
supercritical carbon dioxide and ethanol. Supercritical carbon dioxide/ethanol pretreatment
experiments were carried out on microfibrillated cellulose (MFC) using a laboratory autoclave, and the
yields of pretreated MFC at different temperatures (120, 135, 150, 180 and 200 °C) and times (30, 90,
120, 150 and 180 min) were examined. Cellulose nanofibers (CNFs) were also prepared using a
Microfluidizer high pressure homogenizer. A comparative study was conducted on the properties of
the raw materials, the CNWs and the CNFs using X-ray diffraction (XRD), scanning electron
microscopy (SEM), Fourier transform infrared spectrometry (FTIR) and thermogravimetric analysis
(TGA).
EXPERIMENTAL
Materials
MFC (microfibrillated cellulose, average size: 250 μm) and ethanol (99.8%) were purchased from Aladdin
Industrial Co., Hangzhou, China.
Supercritical CO2/ethanol pretreatment of MFC
A 100-mL SLP high-pressure autoclave (Century Senlong Experimental Apparatus Co. Ltd., Beijing, China)
was used for the supercritical CO2/ethanol pretreatment experiment on MFC. In a typical run, 2.5 g of MFC was
placed in the reactor with 75 mL of ethanol solution (4:1, v/v). The inside pressure was controlled by injecting
carbon dioxide gas (0, 1.5 and 3 Mpa). The reactor was then sealed and allowed to run at a pre-specified
temperature of 90-200 °C and a reaction time of 30-180 min. The reactor was shock-cooled with water to room
temperature as the pretreatment reaction was completed. The polymerization products were then transferred to a
beaker and the reactor was washed with anhydrous ethanol. The mixture of ethanol washing liquid and
pretreatment products was filtered through a 0.2-µm microporous filter under vacuum. The retentate (pretreated
MFC sample, P-MFC) was vacuum-dried at -30 °C for 24 h to obtain the pretreated MFC product.
Methods for preparation of CNWs and CNFs
Particle size was further reduced by introducing an additional mechanical process using the suspension,
which was fully reacted with supercritical CO2 in the ball mill for six hours. There were static and rotating
grindstones in the ball-milling equipment and the pulp slurry material passed through these small stones together
with the suspension. The goal of fibrillation in the grinder was to ensure the breaking down of the hydrogen
bonds and cell wall core structure by shear forces and to reduce the pulp to nano-scale fibers.30 The supercritical
CO2 pretreatment was therefore combined with ball-milling. Mechanical fibrillation by both ball-milling and
supercritical CO2 seemed to randomly dismantle the crystalline and amorphous regions of the cellulose. This
fracture of cellulose crystals is thought to be a factor contributing to the dissociation of micro-fibrils and their
bundles.31
The bleached pretreated wood pulp was inactivated at high temperature in a boiling water environment. A
PFI pulping machine (TB7-FFV, Xianyang Tongda Ltd., Shandong, China) was used for pulping the pulp slurry.
The experiments were carried out through the processing of mechanical treatment by the PFI pulping machine at
47000 rpm for 35 min at 25 °C, which increased the degree of bleaching by pulp beating to around 90° SR. The
pulp suspension was then diluted with tap water and the suspension was passed through a high-pressure
homogenizer (Microfluidizer TM-LMZO, Microfluidics, Westwood, MA) at 25,000 psi with 20 cycles to
produce CNFs.

Characterization
Yield
The solid yield of MFC pretreated at different temperature (120, 135, 150, 180 and 200 ℃) and time (30, 90,
120, 150 and 180 min) was calculated by the following formula.
(1)
where G1 represents the sample after drying and G0 the initial MFC (2.5 g). The yield of P-MFC was also used as
a response to the experimental design.
Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was used for the analysis of the surface morphology of the
nanofibrillated cellulose. Images were captured at a magnification of 10000× by means of a benchtop scanning
electron microscope (Ultra55, Carl Zeiss AG, Oberkochen, Germany). The test was operated in the high vacuum
mode at an acceleration voltage of 15 kV. The samples were secured on a metal stub with carbon tape and coated
with a thin layer of gold using an HR sputter coater (Agar Scientific, Stansted, UK), prior to examination in order
to render the products electro-conductive.
XRD
Dried neat CNW films were separately mounted onto a special holder through which a beam of X-rays
passed centrally. Scattering radiation was identified in the 2θ range from 2° to 40° at a scanning rate of 4° min-1.
The crystallinity index was evaluated from the XRD patterns using Equation (2):
(2)
in accordance with the Segal method, where I200 is the intensity height of the crystalline (200) peak (at 2θ =
22.5°), Iam is the minimum intensity height between (200) and (101) peaks (at 2θ = 16.3°).19
Fourier transform infrared spectrometry (FT-IR)
After drying MFC and P-MFC, KBr (KBr: sample – 1:100 mass ratio) was added to each, respectively, it was
ground into powder by a mortar and then pressed into tablets. The chemical bonds of MFC and P-MFC were
analyzed by FT-IR (Nicolet 5700, ThermoFisher Scientific, Waltham, MA). The measurement was done using
the KBr method for functionality changes in the range 400-4000 cm-1 (scans = 32).
Thermogravimetric analysis
10 mg of MFC, P-MFC, CNWs and CNFs were dried in the oven. The thermogravimetric analyzer used in
this study was a Pyris Diamond DSC (Perkin Elmer, Waltham, MA). Analysis was conducted in a nitrogen
atmosphere, with a nitrogen flow rate of 200 mL min-1. A temperature range of 20-800 °C and a heating rate of
10 °C min-1 were used.

RESULTS AND DISCUSSION
Effect of carbon dioxide/ethanol pretreatment on the properties of MFC
Yield analysis
The pretreated yields of MFC varied with temperature (120, 135, 150, 180 and 200 °C) and time
(30, 90, 120, 150 and 180 min) and are presented in Figure 1. As shown in Figure 1 (a), when the
pretreatment temperature is set at 135 ℃, from 30 min to 150 min, the solid-phase yield of P-MFC
decreases from 96.1% to 87.3%, which decreases with the prolongation of pretreatment time. As
shown in Figure 1 (b), when the pretreatment time is set at 90 min, the solid-phase yield of P-MFC
reaches the maximum at 135 ℃. Both increasing temperature and lowering temperature will reduce
the yield of P-MFC.
When the reaction time was 30 min and the pretreatment temperature was 135 ℃, the solid yields
of MFC, without supercritical CO2 pretreatment and with supercritical CO2 pretreatment, were 90.5%
and 96.1%, respectively. This indicates that the supercritical CO2 process may have a definite
enhancement effect on the amorphous zone hydrolysis reactions of MFC. According to the above
conclusions, the hydrolysis reaction in the amorphous region of MFC increases with the increase of
pretreatment temperature and time. According to Lin and Dufresne,32 the solid yield of P-MFC by the
supercritical carbon dioxide/ethanol pretreatment process is higher than that of MFC after sulfuric acid
pretreatment. It is obvious that the amorphous region of P-MFC is hydrolyzed to a large extent. The
higher the yield, the more hydrolysis in the amorphous zone, which proves that sufficient temperature

and time can ensure the hydrolysis. However, with the increase of time and temperature, too severe
conditions lead to hydrolysis in the crystallization zone.
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Figure 1: Solid yields of P-MFC for different temperatures and reaction times
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Figure 2: SEM micrographs of P-MFC obtained from MFC pretreated in sub- and super-critical ethanol;
(a) MFC; (b) 135 °C, 30 min, 1.5 Mpa; (c) 135 °C, 150 min, 1.5 Mpa; (d) 200 °C, 30 min, 1.5 Mpa

SEM analysis
SEM micrographs of MFC pretreated under different conditions are shown in Figure 2. The surface
of MFC was smooth and single fibers were tightly bonded together.33 The morphology of P-MFC
obtained from MFC pretreated at 135 °C for 30 min indicates that the bunch of fibers was divided into
single fibers, but the length and diameter of P-MFC were basically maintained (see Fig. 2a). As the
pretreatment time increased to 150 min (see Fig. 2c), the length and diameter of P-MFC clearly
decreased, in contrast to the situation when the pretreatment temperature increased to 200 °C (see Fig.
2d). The trend in P-MFC morphology suggests that the pretreatment time has a greater effect on the
MFC size than the pretreatment temperature. The explanation may be that the hydrolysis rate of the
reaction at 135 °C was similar to that at 200 °C. A longer reaction time was required to reduce the
MFC size by hydrolysis. The supercritical carbon dioxide/ethanol pretreatment can therefore decrease
the length and diameter value of MFC under pretreatment conditions of 135 °C for 150 min.

XRD analysis
The XRD patterns of the original MFC material and the P-MFC obtained from MFC pretreatment
at different reaction times and temperatures are shown in Figure 3. The diffraction patterns shown by
the P-MFC and MFC were similar, as may be remarked in Figure 3, indicating that the hydrolysis by
supercritical CO2 did not alter the crystalline structure of MFC. All the samples showed a sharp peak
at 2θ = 23° on the left of the graphs, suggesting that the fibers contained a substantial region of native
cellulose I, as shown by the characteristic peak at 22.6°, which corresponds to the lattice plane of
cellulose I.34 This indicates that the hydrolysis by supercritical CO2 did not change the crystalline
structure of MFC, and this agrees with the results obtained in previous studies.29,35
The crystallinity index in Figure 3 shows that the XRD crystallinity for P-MFC pretreated with
supercritical CO2 increased to 73.98%, compared with MFC. The above hypothesis that the enzyme
picked partially digested amorphous regions is supported by the increase in crystallinity. The
crystallinity index of P-MFC initially increased and then decreased as the reaction time increased, and
this indicates that the amorphous region of MFC hydrolyzed first, and with increasing time, the
crystalline area was also broken. A reaction time of 150 min may, therefore, be considered the
optimum reaction time in this experiment due to the higher crystallinity index of P-MFC.
The reaction temperature also exerted a substantial effect on the crystallinity of P-MFC. Figure 3
shows the XRD crystallinity of P-MFC pretreated with supercritical CO2 at different reaction
temperatures. The trend of crystallinity was an initial increase, followed by a decline. The amorphous
region of the microcrystalline cellulose hydrolyzed first and, with increasing time, the crystalline area
also hydrolyzed. With supercritical CO2 pretreatment, the crystallinity index of MFC was 74.08% at
135 °C, and this may be regarded as the optimum pretreatment temperature for MFC.
FT-IR analysis
Figure 4 presents the FT-IR characteristics of the original MFC material and the P-MFC obtained
from MFC pretreatment at different reaction times and temperatures. From the diagram, the broad
absorption band at 3359 cm-1 may be attributed to the presence of hydroxyl groups that arise as a result
of the association between the polymers. High hydroxyl content is characterized by strong peaking. A
more pronounced absorption band can be observed at 3359 cm-1 in samples with additional P-MFC,
which is associated with the typical O-H vibration of P-MFC. Comparing the different peaks, a
stronger characteristic peak indicates a higher functional group content. Additionally, a band at 2900
cm-1 was detected, showing C-H stretching vibrations, which are due to CH2 and CH3 groups. The
prominent band at 1043 cm-1 was attributed to C-O and C-C stretching and to the contribution of
glycosidic linkages.
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Figure 3: XRD analysis of P-MFC obtained from MFC pretreated at different reaction times and temperatures
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Figure 4: FT-IR analysis of P-MFC obtained from MFC pretreated at different reaction times and temperatures

a) P-MFC
b) CNWs-6
c) CNWs-24
Figure 5: Visual appearance of suspensions of P-MFC and CNWs obtained from P-MFC ground for 6 h
(CNWs-6) and 24 h (CNWs-24)

In Figure 4, the characteristic peaks at 2915 cm-1 correspond to C-H stretching vibration, and this
peak vibrates more strongly with increasing temperature. Similarly, the short band at 1662 cm-1 in all
spectra originates from absorbed moisture. A series of constant short peaks occur in the range 10431440 cm-1, which are associated with the deformation of C-H bonds on the glucoside keys. In general,
the addition of P-MFC did not cause any reactions to generate any new chemical bonds, according to
the FT-IR curves with 1440 –CH2 bending vibration and 893 C-O-C stretching vibration. This
observation corroborates with our previous XRD results.
Effect of carbon dioxide/ethanol pretreatment on the properties of CNWs
Analytical properties of CNW suspensions
The 12 h suspension properties of P-MFC and CNWs generated by P-MFC grinding for 6 h and 24
h are shown in Figure 5. Compared to P-MFC, the CNWs at different fibrillations are semi-transparent
and well dispersed in water. This is owing to the strong hydrogen bonding between water and readily
available hydroxyl groups resulting from the microfibril liberation.36 The suspension stability of
CNWs-24 is greater than that of CNWs-6. Increasing ball-milling time enhanced the micro-fibrillation
effect of the CNWs.
SEM analysis of CNWs
Comparing the group pictures, the supernatant liquid declined with increasing ball milling time
when the suspension was allowed to rest for 12 h. Thus, the suspension may have become more stable
after a longer ball milling time. This indicates that the CNWs may have only a crystalline region after
the applied pretreatment through supercritical carbon dioxide treatment and grinding.
To determine the size of the CNWs, a dilute suspension was examined using SEM and the images
are displayed in Figure 6. The length of CNWs was about 200 nm and the fiber diameter was about 20
nm. They bonded together and presented a three-dimensional nano-structured network, comprising
randomly arranged nano-fibrils. The network by hydrogen bonds was enabled by the many hydroxyl
groups in CNWs. Compared to the MFC materials, the surface of the CNWs became rougher, and a
trace of erosion by the supercritical CO2 can be clearly seen. The length and the diameter were almost
the same, indicating that prolonging the reaction time beyond 150 min did not facilitate the
characterization of the CNWs. Meanwhile, the morphology of CNW is basically acicular, while that of

CNF is mainly soft fibrous. Therefore, CNWs with supercritical CO2 pretreatment have already had
the amorphous region removed. The pretreatment has an important role in reducing particle size and
increasing specific surface area, thereby enhancing thermal stability. The results indicate that this is a
potent and environmentally friendly route for the preparation of CNWs.
After the reactions, the sample surface showed a less white color produced by higher temperatures.
Prolonging the pretreatment time of the reaction clearly showed differences, as can be seen in the SEM
micrographs (Fig. 6), with the diameter of the fibers shorter than before.
Thermogravimetric analysis
The thermal stability of MFC, P-MFC (135 °C, 1.5 Mpa CO2, 150 min), and CNWs (135 °C, 1.5
Mpa CO2, 150 min, ball-milled for 6 h) was determined by thermogravimetric analysis. Particles
exhibited a loss in weight due to increasing temperature, and the rate of particle degradation is shown
in Figure 7. An initial weight loss was observed in the MFC (about 350-400 °C) and the CNWs (135
°C, 1.5 Mpa CO2, 150 min) and is the result of the evaporation of water. With further increasing
temperature (≤800 °C), the TG curves of the MFC and P-MFC (135 °C, 1.5 Mpa CO2, 150 min)
change in a similar fashion.
As regards the CNWs, their initial degradation temperature was about 250 °C, which is lower than
the degradation temperature of MFC. Also, the rate of weight loss of the CNWs (135 °C, 1.5 Mpa
CO2, 150 min, ball-milled for 6 h) was much lower than those of the CNF, MFC and P-MFC. These
results may be explained by decreased polymerization and increased specific surface, and
consequently the loss of active groups. However, the thermal stability of the CNWs produced by
supercritical water hydrolysis was much higher than that of nanofibrillated cellulose produced by
sulfuric acid hydrolysis, owing to the absence of sulfate groups in the CNWs produced by hydrolysis
with supercritical CO2.32 According to an earlier study,37 the weight loss of CNWs produced by
supercritical carbon dioxide is much less than that of nanofibrillated cellulose produced by sulfuric
acid.

c

Figure 6: SEM images of CNWs at different reaction times; a), 135 °C, 150 min, 1.5 Mpa (twice), ground for 6 h
(twice); b) 135 °C, 180 min, 1.5 Mpa (twice), ground for 6 h (twice); c) high-pressure homogenized 20 times;
d) high-pressure homogenized 40 times
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Figure 7: Thermogravimetric curves of MFC, P-MFC, CNWs and CNFs
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Figure 8: XRD and FT-IR of CNWs for different reaction times

The TG curves did not show large changes (≤800 °C) with increasing temperature, indicating
higher thermal stability. Thus, the thermal stability of the CNWs is clearly higher than those of the
CNF and the raw material. The increased thermal stability of cellulose fibrils (compared to MFC)
might be attributed to strong hydrogen bonding between the hydroxyl groups of the cellulose fibrils.38
The higher thermal stability of the CNWs can be attributed to their flexibility and hence a greater
possibility of entanglement of the nanofibrils. A comparable increase in thermal stability due to the
tangling effect of flexible microfibrils has been reported by Das et al.39 The melting peaks of the
crystalline CNWs were observed in the temperature range 230-250 °C. However, this was not
observed in the case of any MFC, because the removal of the amorphous portion by chemical
treatments in CNWs increased the crystallinity of the CNWs.40
In most reactions, the temperature was an important factor, but the P-MFC yield was predominantly
influenced by timing. Figure 7 indicates a low significance of the carbon dioxide factor. The thermal
stability of cellulose whiskers is important, considering their potential application as a reinforcing
filler in polymer composites, especially in thermoplastics, as processing temperatures often exceed 200
°C.41
XRD and FTIR of CNWs during different reaction times
Comparative XRD in Figures 3 and 8 show crystalline peaks at 2θ = 14-16°, indicating an increase
in the crystallinity of the CNWs; the crystallinity value of CNWs was larger than that of CNFs. It may
be concluded that during acid hydrolysis, cellulose possessing a loose structure favors changes in the
size of the crystallites. Tang et al.42 suggested the explanation that changes in crystallite size during
acid hydrolysis were the result of both the degradation of smaller crystallites and the growth of
defective crystallites.
Figure 8 presents the characteristic peaks of CNWs produced during different reaction times. The
broad absorption band at 3395 cm-1 is ascribed to hydroxyl groups that arise as a result of the

association between the polymers. The characteristic peak was strong, thereby showing that the
hydroxyl content was higher. Furthermore, a band at 2248 cm-1 was observed, indicative of C-H
stretching vibrations due to CH2 and CH3 groups. The prominent band at 1045 cm-1 was assigned to CO and C-C stretching and the glycosidic linkage contribution. A series of constant short peaks
occurred from 1045 to 1465 cm-1, and were attributed to the deformation of C-H on the glycoside keys.
Figure 8 shows the influence of reaction time as a factor. Compared to Figure 5, there was little
change. In general, this indicates that the ball-milling did not generate any new chemical bonds,
according to the information on the FT-IR curves.
CONCLUSION
Herein, a novel pretreatment method using supercritical CO2 was proposed, which was found to be
an effective and environmentally friendly reaction medium for cellulose, without using an organic
solvent. SEM showed that the morphology of CNWs was basically acicular, while that of CNFs was
mainly soft fibrous. Thermogravimetric analysis suggested that the thermal stability of CNWs was
substantially higher than those of the CNFs and the raw material. XRD analysis also indicated that
CNWs have higher crystallinity than MFC or CNFs.
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