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This study suggested the optimum conditions for the stable dispersion of cellulose microparticles in PAN spinning dope, which
was prepared for spinning the fiber. Many research studies have investigated methods for preparing a variety of carbon fiber
precursors in an attempt to control their characteristics according to the applications. In order to prepare PAN fiber that contains
fine cellulose particles, it is important to create a uniformly dispersed spinning dope. Minimization of the cellulose particle size
was subjected to heat treatment at various temperatures in order to reduce the cohesive force from the hydrogen bonds between
the cellulose molecules. Carbonized cellulose microparticles were obtained for efficient dispersion using the physical method and
the sedimentation method. Several instrumental analyses were conducted to study the characteristics of the particles and solutions
with SEM, FT-IR, XRD, and a particle size analyzer. From the results, the dispersion of the PAN spinning dope with a chemical
treatment was superior to the milling method followed by heat treatment. In this study, heat-treating cellulose microparticles at
400∘C was found to be the most effective method.

1. Introduction

A carbon fiber is a type of fiber that contains over 90%
carbon and it can be prepared by heat treatment of an
organic fiber as a precursor. Carbon fiber applications are
extended to the aerospace, defense, energy, ship-building,
vehicle-manufacturing, sports, and leisure fields because of
thematerial’s excellent properties, including specific strength,
specific modulus, and thermal stability. Recently, emerging
energy saving and global warming issues have led to the
acceleration of the application of lightweight materials, such
as carbon fiber. Use of this fiber is especially promising in
the aircraft industry because it is lightweight, has less volume
change, and is stable under high temperatures and chemical
attacks while retaining high strength and high modulus.

Carbon fiber is categorized into three groups based on
the starting material: rayon-based carbon fiber, pitch-based
carbon fiber, and PAN-based carbon fiber [1–4]. Rayon-based
carbon fiber has good thermal properties and high modulus.
The processing costs for pitch-based carbon fiber are afford-
able, which makes its use advantageous to manufacturers.

PAN-based carbon fiber is used inmany kinds of composites,
due to its high strength. Process development studies have
been widely conducted because high performance carbon
fiber can be obtained via stabilization and the carbonization
process [5–7]. After the carbonization process of the well-
controlled stabilization of PAN-based carbon fiber, that
material’s tensile and shear strength would be improved so
that it can be applied to the composite material.

Due to the need formaterials having excellentmechanical
and thermal properties, various researches have been con-
sistently developed into hybrid technology of carbon fiber
materials. For example, carbon fiber, which has relatively
high thermal conductivity and low thermal insulation, had
limitations for use in rocket engine nozzle and nuclear
reactor applications. These applications require materials
that simultaneously feature high strength, lightweight, and
insulation properties. To address these points, there is a
need to develop a new type of carbon fiber. Recently, a
high performance carbon fiber composite with inorganic
nanofibers and cellulose nanoparticles has been reported [8].
Based on the results of thermal conductivities of carbon fiber
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with various precursors, the thermal conductivity of rayon-
based carbon fiber, heat-treated at 1500K, was 20.5% lower
than that of PAN-based carbon fiber heat-treated at 1600K.
The thermal conductivity of rayon-based carbon fiber, heat-
treated at 2500K, was also found to be 16.7% lower than that
of pitch-based carbon fiber, heat-treated at 2700K [9]. Using
this result, a study on lowering the thermal conductivity using
a composite of PAN-based carbon fiber and microcellulose
particles has been conducted [10].

In this study, the preparation, including dispersion of the
cellulose particles, was investigated for PAN-based carbon
composite fiber with cellulose particles in order to reduce
the thermal conductivity of the composite fiber without
decreasing its elasticity. The most important process for
manufacturing a composite fiber is the dispersion of fine
cellulose particles in the PAN dough. In this current study,
the chemical method and the physical method were applied
to enhance the dispersion. In the physical method, the size
of the cellulose particles is reduced by heat treatment and
mechanical milling. Finally, a PAN-based composite carbon
fiber with cellulose particles can be produced. This result
reveals the possibility of composite fiber preparation that
will yield tailor-made properties. Further researches related
to the analysis of the thermal properties and mechanical
properties of composite carbon fiber are needed, and these
will be conducted through ongoing research studies.

2. Experimental Methods

2.1. Materials. Thepolyacrylonitrile (PAN) precursor used as
raw material for the carbon fiber was provided by Bluestar
FibresCo., Ltd., China, as 12 Kfits, Single Towuncrimped car-
bon fiber. Commercial-grade dimethylsulphoxide (DMSO)
with a purity of 99% was used as the solvent for making the
PAN dope. It was obtained from Samcheon Co., Ltd., a local
supplier. Cellulose microcrystalline particles with an average
Mw. of ∼80,000 and bulk density of 0.6 g/mL at 25∘C were
purchased from Sigma Aldrich Co., Ltd., USA.

2.2. Preparation of Cellulose Particles for Dispersion. Due
to the large aspect ratio of the cellulose particles and the
hydrogen bond between the molecules, it was difficult to
disperse them in the PAN dope. To improve this dispersion
and to increase its stability, the chemical treatment method
and the physical treatment method were applied.

2.2.1. Chemical Treatment. Chemical treatment was per-
formed using the following steps. Cellulose microcrystalline
particles were added by 10wt% into the DMSO solution
containing 0.5 wt% LiCl. After stirring and swelling for 12 h
at 70∘C, bonding could be eliminated by sonication. The
samples were washed with deionized water several times and
then dried for 12 h at 100∘C in the vacuum dry oven.

2.2.2. Physical Treatment. The cellulose particles for dis-
persion were prepared by mechanical milling after heat
treatment. The heat treatment conditions were 300∘C, 350∘C,
400∘C, and 1,200∘C. Detailed heat treatment conditions are

Table 1: Heat treatment conditions of the cellulose particles.

Sample Condition Heating rate Soaking Atmosphere

Cel 00 Chemical
treatment

Cel 30 300∘C 300∘C/3 hr 4 hr Air

Cel 35 350∘C 350∘C/3 hr
30min 4 hr Air

Cel 40 400∘C 400∘C/4 hr 4 hr Air

Cel 40/120 1,200∘C 400∘C/4 hr →
1,200∘C/4 hr 4 hr, 2 hr Air, N2

Cellulose powder

Washed cellulose

Stabilized
cellulose powder

Carbonized
cellulose powder

Separating
fine particles

Dispersion
in DMSO

∙ Purifying with ethanol
∙ Drying

∙ Drying

∙ Heat treatment in the air

∙ Ball milling with ethanol
∙ Sedimentation

∙ N2 condition

Figure 1: Preparation of the cellulose dispersed PAN dope.

shown in Table 1. In the case of heat treatment at 1,200∘C,
the cellulose particles heat-treated at 400∘C were used for
the 2nd heat treatment at 1,200∘C in N

2
. The manufacturing

process for the PAN dope that contained cellulose particles
consisted of three steps. In the first step, the cellulose particles
underwent heat treatment. In the second step, the particles
were dispersed. In the final step the stable DMSO solution
was made. The detailed process used to prepare the PAN
dope containing the dispersed cellulose particles is shown in
Figure 1.

The heat-treated cellulose particles were ball milled with
zirconia balls (3mm in diameter) in a jar with ethanol for
48 h. Before and after the milling, the size of the heat-treated
particles was checked. The shape of the particles in the
carbon fiber was determined by examining the fibers that
were flattened by high pressure (more than 10-ton load) using
an optical microscope (Optiphot 150, Nikon, Japan).

2.3. Preparation of the PAN-Carbon Fiber Having Cellulose
Microparticles. In order to prepare a PAN dope containing
heat-treated cellulose particles for spinning, the dispersion
of cellulose particles should be stabilized in the dope by size
reduction, a process that includes milling the particles and
selecting microparticles by collecting 30% of the cellulose
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Table 2: PAN-DMSO dope containing heat-treated cellulose particles.

Sample PAN (wt%) DMSO (wt%) Cellulose condition Additional contents (wt%)
Cel 30 (1.0) 17.82 82 Heat-treated at 300∘C 0.18 (1.0 wt% based on PAN)
Cel 35 (1.0) 17.82 82 Heat-treated at 350∘C 0.18 (1.0 wt% based on PAN)
Cel 40 (1.0) 17.82 82 Heat-treated at 400∘C 0.18 (1.0 wt% based on PAN)
Cel 40 (1.5) 17.73 82 Heat-treated at 400∘C 0.27 (1.5 wt% based on PAN)
Cel 40 (2.0) 17.64 82 Heat-treated at 400∘C 0.36 (2.0 wt% based on PAN)
Cel 40/120 (1.0) 17.82 82 Heat-treated at 1,200∘C 0.18 (1.0 wt% based on PAN)
Cel 40/120 (1.5) 17.73 82 Heat-treated at 1,200∘C 0.27 (1.5 wt% based on PAN)
Cel 40/120 (2.0) 17.64 82 Heat-treated at 1,200∘C 0.36 (2.0 wt% based on PAN)

particles from supernatant fluid of the settled dope. Average
particle size was measured using the particle size analyzer.

The spinning dope was prepared using various process
parameters, such as cellulose heat treatment conditions and
the amount of cellulose in the composite fiber. Detailed
conditions for the dope are shown in Table 2. Slurry, which
includes ground cellulose particles, was dried in the dry
oven for 24 h at 90∘C. These dried particles were dispersed
in the DMSO with a homogenizer for 2 h. To classify the
small particles, floating particles in the mass cylinder were
selected in the equivalent sedimentation condition for the
samples. The net weight of the cellulose that was used could
be calculated from the remaining cellulose particles, which
were found at the bottom of the cylinder. The final spinning
dope,mixedwith carbonized cellulose, DMSO, and PAN,was
prepared as shown in Figure 2.

2.4. Characterizations
2.4.1. Thermal Analysis. The starting and ending point of the
thermal decomposition of the cellulose due to heat treatment
conditions were confirmed by the TG/DTA results (TA,
TGA/SDTA 851e, Mettler-Toledo) with N

2
atmosphere.

2.4.2. Morphology Observation. The microstructure of the
cellulose particles was observed by a scanning electron
microscope (SEM) (FE-SEM, XL30, Philips). The size and
morphology changes could be compared with the treatment
conditions.

2.4.3. Chemical Structure Analysis. The chemical structure of
the heat-treated cellulose particles was examined by Fourier
transformation infrared spectroscopy (FT-IR) (Magna IR550,
Scinco). The spectra could be obtained from proper molecu-
lar vibrations in the range of 500 cm−1–4000 cm−1.

2.4.4. Crystal Structure Analysis. The crystal structures of the
carbonized cellulose were observed using an X-ray diffrac-
tometer (XRD) (D8 Discovery, Bruker) with the variations
of the heat treatment temperature. The measurement was
conducted in the range of 2𝜃 = 10∘C–60∘C.

2.4.5. Particle Size Analysis. The particle size of the car-
bonized cellulose was obtained by particle size analyzer (LS
13 320, Beckman Coulter, Inc., USA).

PAN fiber

Carbonized cellulosed powder

Spinning dope

Air jet wet spinning

Winding

PAN: 18wt%

Drawing: 6.5∼9.5 times

DMSO: 82wt%

Figure 2: Preparation process of the PAN fiber containing car-
bonized cellulose particles.

3. Results and Discussion

3.1. Cellulose Particles. Heat treatment was conducted in
order to comprehend the thermal properties of the cellulose
and to investigate the optimum treatment condition for
the cellulose particles. The first step of this study involved
preparing the dope with proper cellulose particles to spin the
PAN fiber with stable dispersion. Because the stabilization
and carbonization process is essential for preparing PAN-
based carbon fiber [11, 12], the heat-treating temperatures
were chosen from the range of the stabilization temperatures
for carbon fiber. The range for the optimum heat treatment
condition was established based on the following thermal
analysis results.

The results of the thermal decomposition of the cellulose
examined by TG/DTA are shown in Figure 3.The weight loss
of 5-6% until 100∘C, which was shown in region “a,” was
attributed to the evaporation of the physisorbed water. The
main weight loss of the cellulose occurred in temperature
range “b,” about 260–350∘C, due to the breakdown of the
anhydrous glucose bond by the pyrolysis. It arose from
the evaporation of water vapor, tar, OH, CO, and CO

2
in
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Figure 3: TG and DTA curves of the cellulose particles.

the decomposition process of levoglucosan from the debond-
ing of the glycosidic unit. The weight loss occurred con-
tinuously, via the breakdown of anhydrous cellulose, with
elevating temperature until the temperature reached 400∘C.
This result was similar to the results reported by Brunner
[13] and Fengel and Wegener [14]. By way of explanation,
the thermal decomposition of cellulose occurred because the
side groups (H, OH) were removed and were disintegrated
as small molecules of the carbonyl compound by chain
scission from the ring opening reaction as the temperature
increased [15]. The maximum rate of decomposition was
found at 335∘C, via the DTA results. After that tempera-
ture, the decomposition rate was decreased linearly. In this
experiment, the final weight loss was 87%. Even though the
weight decreased continuously as the temperature reached
400∘C, the rate of loss was lower. These phenomena could be
explained by the thermal decomposition of additives as the
result of FT-IR experiments. The final product of cellulose
through heat treatment was amorphous carbon.

3.2. Morphology of Cellulose
3.2.1. Particle Size and Distribution. In order to spin the
PAN dope containing the cellulose particles, the size of the
cellulose particle should be reduced by ball milling in order
to enable the particles to pass through the spinning nozzle
(50𝜇m in diameter). Moreover, the cellulose particle size
should be smaller than the final fiber diameter of the PAN, in
the range of 4–15 𝜇m. The particle size and size distribution
were decided by the results of the particle size analysis, as
shown in Figure 4. The measured data are shown in Table 3
where the average particle size and the distribution of the
Cel 40 particle samplewere 4.71 𝜇mand 3.88 𝜇m, respectively,
showing the smallest value in this study. As shown in Figure 3,
the cellulose particles were initially decomposed in the range
of 260∘C–350∘C. When the temperature exceeded 400∘C,
the thermal decomposition was terminated and most of the
hydrogen bonded organic substance was removed. Finally,
the cellulose particles were converted to amorphous carbon
with a weak bond, making it easier for the particles to be
ground due to the highest milling efficiency at a condition
of Cel 40.

Table 3: Particle size analysis of the cellulose particles after heat
treatment and milling.

Sample Mean size
(𝜇m)

Standard
deviation
(𝜇m)

Maximum size at
interest region

(𝜇m)
Cel 30 14.52 12.02 2.80
Cel 35 11.41 9.25 2.70
Cel 40 4.71 3.88 2.50
Cel 40/120 5.14 7.10 2.10
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Figure 4: Typical result of the particle size analysis (Cel 40).

This explanation could be supported by the FT-IR results,
which revealed that Cel 40 was the intermediate product of
the carbon structure. The average particle size of Cel 40/120
sample, which was the Cel 40 cellulose sample treated at
1,200∘C, was 5.14𝜇m. During the carbonization process at
1,200∘C, the carbon structure was formed with weight loss
and the bonding force was simultaneously increased.

As previously mentioned, in this experiment the fine cel-
lulose particles were obtained by the sedimentation method.
Although the settling rate of the particles in the dope was
different between the samples, the average particle size of
the acquired cellulose particles, which are identified as the
“maximumsize at interest region” inTable 3, showed a similar
size ranging from 2.8𝜇m to 2.1 𝜇m.

3.2.2.Morphologies of the Cellulose Particles. Thestudy exam-
ining the dispersion of cellulose particles in the dope was
conducted using chemical treatment and physical treatment
methods. At first, the chemical method using LiCl as an
additive could be expected to result in cellulose swelling and
dissolving [16]. Figure 5 shows the morphologies of (a) the
original cellulose particles and (b) the chemically treated
cellulose particles. The shape of the cellulose is a linear chain
made ofD-glucose, which is related to its structure depending
on (C

6
H
10
O
5
)

𝑛
where 𝑛 is the number ranging from 100 to

10,000. Chemical treatments, which consisted of ultrasonic
treatments followedby surface treatment using LiCl, removed
the binding substance between the microfibrils by dissolving
the glycosidic bond. The acidic-hydrolysis reaction would
affect the dissolution.There seemed to be some limitations in
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(a) (b)

Figure 5: SEM micrographs (×5,000) of the cellulose powders with chemical treatment. (a) Untreated cellulose powders. (b) Dispersed
cellulose powders with LiCl.

size reduction for the chemicalmethod because of the linkage
between the microfibril chains due to the hydrogen bonding
that took place during the washing process with the water
that was used to eliminate the Li+ ions. This made it difficult
to separate the particles from each other when the sample
was dried in the air. Finally, the cellulose particles treated
chemically were too large to spin through the nozzle when
they were mixed in the spinning dope.

The second method used for the dispersion of cellulose
particles was a milling process after heat treatment. The
heat-treated and milled cellulose particles were added as an
additive before preparing the spinning dope. Temperatures
of 300∘C, 350∘C, 400∘C, and 1,200∘Cwere selected as the heat
treatment conditions for achieving the optimum condition of
dispersion.

After heat treatment, morphological changes could be
observed in the microstructure, as shown in Figure 6. From
the SEM photographs it can be seen that the content of
the microdebris was reduced and the overall size became
smaller as the heat treatment temperature increased. The
size reduction of the cellulose particles was caused by the
breakdown of anhydrous glucose bonding due to pyrolysis
over 240∘C (until the temperature reached 400∘C).

It could be suspected that the moisture was physically
absorbed and the fine fibrils at the surface were thermally
decomposed in the course of the heat treatment for tem-
peratures up to 300∘C. For Cel 40 and Cel 35, most of the
particles under 10𝜇m in diameter could be compared to the
particle size of Cel 30, which showed a diameter of about
20𝜇m. In the range of 260∘C–350∘C, which was described in
Section 3.1, a decrease in the particle size was consistent with
the results of thermal gravimetric analysis, which showed a
weight reduction because the anhydrous glucose ring was
destroyed.

Even though the particle sizes of the Cel 40 sample and
the Cel 35 sample were similar, there were differences in the
surface shape. The surface of the Cel 40 sample was uneven,
whereas the surface of the Cel 35 sample was relatively
smooth. This could be explained by the fact that the organic
substance that was left in a small amount until the tempera-
ture reached 350∘C was removed when the temperature was
around 400∘C, due to thermal decomposition. ForCel 40/120,
the particle size increased.The growth in the layered structure

of the carbon residue, which had been formed in the previous
step, was thought to be due to the aromatization when the
temperature was over 400∘C.

3.2.3. Dispersion of Cellulose Particles. Figure 7 represents
the flattened shape of the spun PAN fibers that contained
carbonized cellulose observed by the optical microscope.
The black spots, which are the carbonized cellulose particles,
could be observed when the spun fiber flattened at a pressure
of 20,000 psi on a mirror-like polished metal plate. This
was closely related to the morphology and properties of
the carbonized cellulose particle size shown in Figure 6 and
Table 3, but cellulose microparticles under the micrometer
level could not be observed due to the limitations of the
opticalmicroscope.The carbonized cellulose at a temperature
over 400∘C could be observed in black; however, the cellulose
particles were represented by particles that were slightly dark
brown when the heat treatment temperature was lower, as
shown in Figures 7(a) and 7(b).

The dispersion with the heat treatment of 400∘C and
400∘C/1,200∘C indicated a small difference in the fiber; thus,
it can be concluded that excellent dispersion was achieved at
those conditions. Figures 7(a) and 7(b) show that the particles
were agglomerated slightly. Therefore, the dispersion of the
cellulose particles in the dope was better when the heat
treatment temperature was higher. These results came from
the decomposition of the organic substance in the cellulose
at a high temperature, which leads to weak binding of the
cellulose particles, enabling them to break easily.

3.3. Chemical Structure of Cellulose. The changes in the
chemical structure of cellulose with the heat treatment were
analyzed by FT-IR spectra, as shown in Figure 8. All the
samples revealed the O-H stretching absorbing band in
3,400 cm−1. For theCel 00 sample, the absorbing band related
to the C-H stretching of the cellulose could be observed
at 2,900 cm−1. Many absorbing bands related to cellulose
were found, such as a C=O vibration band at 1,635 cm−1, a
CH
2
bending band at 1,426 cm−1 [17], and a stretch band of

C-O-C asymmetry at 1,106 cm−1 [18].The result of the C-O-C
stretching band at 898 cm−1 in this sample meant that there
was a small amorphous form in the cellulose structure [17].
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(a) (b)

(c) (d)

(e)

Figure 6: SEM micrographs (×3,000) of the heat-treated cellulose particles. (a) Cel 00. (b) Cel 30. (c) Cel 35. (d) Cel 40. (e) Cel 40/120.

In the case of the Cel 35 sample, the characteristic cellulose
peaks, such as 2,900 cm−1 and 890 cm−1–1,500 cm−1, disap-
peared and the sample showed the absorbing of levoglucosan
[19]. The final heat-treated sample of Cel 40 revealed the
disappearance of the cellulose peaks and the levoglucosan
peak, and the sample showed only a weak peak at 1,635 cm−1
related to C=O vibration.

3.4. Crystal Structure of Cellulose. The crystal structure
changes of the cellulose particles based on heat treatment
condition are displayed in Figure 9. As shown, the results of
the untreated cellulose particles agreed with crystal structure
of JCPDS 03-0289 (natural cellulose). A maximum peak of
(002) appeared at 2𝜃 = 22.8, similar to other results reported
by Wang et al. [20]. As the heat treatment temperature
increased over 350∘C (Cel 40), the characteristic peaks of

cellulose disappeared and then the structure showed an
amorphous state. This result could be explained by the
decomposition reaction of the side group, as shown in
Figure 3.When the temperature increased up to 400∘C, broad
peaks could be observed over 2𝜃 = 20–25 and 2𝜃 = 40–45 in
Cel 40/120, related to the graphite crystal structure.The result
was coincident with the FT-IR results (Figure 8) and the TGA
results (Figure 3).

4. Conclusions

The effects of cellulose particles on PAN dope have been
studied. In order to achieve a stable and fine-dispersed state
for PAN dope, chemical treatment and physical treatment
were performed on the cellulose particles. The physical
treatment included a milling process followed by a heat
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(a) (b)

(c) (d)

Figure 7: Optical micrographs (×400) of the spun fiber with cellulose particles at various heat treatment conditions. (a) Cel 30 particles. (b)
Cel 35 particles. (c) Cel 40 particles. (d) Cel 40/120 particles.
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Figure 8: The FT-IR spectra of the heat-treated cellulose particles.

treatment process for carbonization of the cellulose. Finally,
the following conclusions were obtained.

(1) Thermal/mechanical process has a better effect for
preparing fine cellulose particles than the chemical
treatment process in this study.

(2) The condition of heat treatment at 400∘C in the air
revealed the best properties for particle size (average
4.71 𝜇m) and size distribution (3.88 𝜇m). The final
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Figure 9: The XRD curves of the cellulose particles based on the
heat treatment conditions.

particle size was selected in the range of 2.1𝜇m–
2.8 𝜇m using the sedimentation method.

(3) Based on the results obtained from examining the dis-
persion characteristics of spun fiber with carbonized
cellulose, the condition of carbonization at 400∘C
revealed relatively good dispersion of the cellulose
particles in the dope.
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