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ABSTRACT：Herein, the effect of the dispersion uniformity of the multi-wall carbon nanotube (MWCNT) on the thermal
and electrical conductivity of polystyrene (PS)/MWCNT composite was investigated. The PS/MWCNT composites were
prepared by solution mixing from dispersions of various MWCNTs in PS/tetrahydrofuran (THF) solution. Three types of
MWCNTs were used; pristine MWCNT, hydroxyl functionalized MWCNT, which was functionalized with KMnO4 in the
presence of a phase transfer catalyst at room temperature, and pristine MWCNT with BYK-9077 as a dispersant. It was
found that the stable dispersion state of MWCNT in PS/THF solutions significantly improved the thermal and electrical
conductivity of the ultimate composites. It is noted that the thermal and electrical conductivity of PS/3 wt% pristine MWCNT
composite with BYK-9077 were about 9.4 and 30~50% higher than those of PS/3 wt% pristine MWCNT composite, respectively.
요 약：본 논문에서는 MWCNT/PS 복합재료 제조 시, MWCNT의 표면 개질에 의한 분산도에 따른 열 및 전기전도도
에 관하여 연구하였다. 다양한 종류의 MWCNT를 PS/THF 용액에서 분산시킨 후 침전을 통하여 복합재료를 제조하였
다. 사용된 MWCNT는 pristine MWCNT의 상이동 촉매 존재 하에서 상온에서 KMnO4를 이용하여 하이드록실기로
개질된 MWCNT, BYK-9077 분산제를 이용한 MWCNT를 사용하였다. 분석 결과 MWCNT의 PS/THF 용액 내에서
의 분산 안정성은 최종 제조되어진 복합재료의 열 및 전기전도도 특성 향상에 중요하게 기여하였다. PS/3 wt% pristine MWCNT에 비하여, 특히 분산제 BYK-9077을 사용한 경우에는 열전도도가 9.7% 및 전기전도도가 30~50%
향상되는 결과를 얻었다.
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Ⅰ. Introduction
Carbon nanotube (CNT) has a unique structure and remarkable mechanical, electrical, and thermal properties that make
CNT an excellent candidate to substitute or complement the
1-4
conventional nanofillers in polymer nanocomposites. To
achieve full reinforcing potential of CNT, it should be separated from bundles and well dispersed in a polymer matrix
5
for maximizing their contact surface area with the matrix.
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However, it is generally difficult to disperse CNT in polymer
matrixes due to its large surface area and possess strong van
der Waals forces, which result in significant aggregation.6
Moreover, it is insoluble in most organic solvents due to the
pure carbon element and its stable structure.7 In order to overcome these problems, the chemical modification of the CNT's
surface or utilization of surfactants is regarded as an effective
way to improve its dispersion uniformity.8,9
It is well-known that pristine CNT surface can be simply
carboxylated by treatment with strong acids such as nitric acid
(HNO3) and sulfuric acid (H2SO4). This chemical oxidation
can significantly increase the dispersion stability of the suspen-
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sions. In our previous study, we have found that the MWCNT
with carboxylate (COOH) was very well dispersed in polar
media including water and alcohols due to the combination
9
of polar-polar affinity and electrostatic repulsion. However,
the treatment with strong acids led the structural damage of
CNT. In order to minimize the structural damage of CNT dur7
ing the initial chemical oxidation process, Zhang et. al. reported a novel methodology for the surface modification of
CNT using an oxidant, potassium permanganate (KMnO4), in
the presence of a phase transfer catalyst (PTC) at room temperature. It has been found that PTC methodology possesses
several advantages over conventional oxidation methods using
strong acids: (1) efficiency of oxidation drastically increases,
(2) product selectivity between carboxylic acid and hydroxyl
group is improved, (3) reaction condition is very mild, and
11,12
Their ten(4) damage of carbon structure is minimized.
dency of locating at the interface of two phases (liquid-liquid
or solid-liquid) introduces continuity between the two different
13
phases. In this experiment PTC assists to extract permanganate from the water phase to organic liquid phase. Permanga14
nate is a powerful oxidizing agent in organic reactions.
Hydroxyl group with high selectivity is generated by the contact of CNT in methylene chloride, KMnO4, acetic acid employing tetrabutyl ammonium bromide (TBABr) as a PTC dissolved in water.
In this study, the polystyrene/multi-wall carbon nanotube
(PS/MWCNT) composite was fabricated by step reactions with
minimized damage of MWCNT during oxidation process.
First, hydroxyl groups were generated on the surface of MWCNT
using KMnO4 in conjunction with TBABr as a PTC. And then,
we prepared the PS composite consisting of MWCNT via solution mixing. To confirm the effect of a MWCNT dispersibility on thermal and electrical conductivities, three different MWCNTs including pristine, hydroxylated MWCNT, and
MWCNT dispersed with a commercial dispersant were used
and the properties of the composites were evaluated.

grade polystyrenes (PS) (Mw: 153,000 g/mole) were obtained
from LG Chemical Co, Korea. Tetrahydrofuran (THF) was
purchased from J.T. Baker, Europe.
2. Functionalization of MWCNT
MWCNT (0.2 g) was dispersed in 100 mL CH2Cl2 by ultrasonication (200 W, Materials & Sonics Co., USA) for 10 min.
1 g TBABr, known as a phase transfer agent, was added in
mixture of 20 mL H2O, 10 mL acetic acid, and KMnO4 solution (0.5 g KMnO4 dissolved in 10 mL H2O). The suspension
was mixed by high-speed stirring at 1,000 rpm and room temperature for 24 hrs. After that, the mixture was filtered using
0.2 μm Teflon filter (Advantec MFS) and washed with concentrated HCl and methanol to remove any remnant. After vacuum drying the filtrate, hydroxyl group modified MWCNT
was achieved.
3. Fabrication of PS/MWCNT composites
MWCNT (0.25 - 0.75 g, 1 - 3 wt% to PS matrix) was dispersed in 100 mL THF at room temperature by ultrasonication
for 10 min. In order to compare the properties of composites
as a dispersibility of MWCNT, three types of MWCNT solutions were prepared; pristine MWCNT/PS/THF, hydroxylated
MWCNT (MWCNT-OH)/PS/THF, and pristine MWCNT/PS/
THF with a dispersant (BYK-9077). The dispersant was added
as much amount as MWCNT; 100 wt% with respect to
MWCNT. These solutions were then admixed with a solution
of PS in THF. These mixtures were homogenized using shear
mixing at 10,000 rpm in an ice bath for 30 min. After that,
the PS solution with MWCNT suspension was precipitated by
excessive methanol and the precipitates were vacuum-dried at
60 ℃ for 48 hrs. Thin composite films were produced from
these dried mixtures using hot-press molding at 180 ℃.
4. Characterization

Ⅱ. Experimental
1. Materials
MWCNT (> 95%, diameter : 10-15 nm, length : 10-20 μm)
produced by thermal chemical vapor deposition (CVD) method
was purchased from Hanwha Nanotech, Korea. Hydrochloric
acid (HCl, 36%), potassium permanganate (KMnO4, 99.3%),
acetic acid, and methylene chloride (CH2Cl2) were purchased
from Duksan Chemical, Korea. Tetrabutyl ammonium bromide
(TBABr, 99%) was purchased from Junsei Chemical, Japan.
BYK-9077 (BYK Chemical Inc, Germany) is a solution of
a high molecular weight copolymer with pigment affinic
groups, and was selected as a dispersing agent. Commercial-

The functional groups of MWCNT were determined by a
Fourier transform infrared spectrometer (FT-IR, VERTEX
80V, Bruker Optics). X-ray photoelectron spectroscopy (XPS)
spectrum of MWCNT was obtained by a K-Alpha XPS spectrometer. The Raman spectra were observed using RFS 100/S
Brucker. The dispersion of MWCNT within PS matrix was
characterized using scanning electron microscopy (SEM
S4300, Hitachi). The thermal stability of these composites was
measured by thermogravimetric analysis (Diamond TG/DTA
thermal analysis instrument, Perkin Elmer) with a heating rate
10 ℃/min in a continuous nitrogen flow. The thermal and electrical conductivity properties of the composites were measured
by thermal conductivity meter (QTM500, Kyoto electronics)

1. Grafting of hydroxyl groups on the MWCNT surface
Dispersion of the MWCNT in a polymer matrix is important
to improve the potential of polymer/MWCNT composites.
However, MWCNT usually tends to form strong agglomerates
due to high van der Waals forces. To obtain uniform dispersion
of MWCNT in a polymer matrix, MWCNT was surface-functionalized by chemical modification method. The surface modification of CNT or fullerene using phase transfer catalysts
(PTC) can be carried out in very mild conditions such as almost neutral condition and a room temperature and the damage
of MWCNT can be minimized for these reasons. Furthermore,
it offers a high concentration of acid groups and high yield
7
of hydroxyl groups. In the functionalization reaction using
KMnO4 with a PTC, the color of the suspension changes from
dark purple to dark brown. It means that the transformation
+7
+4
of Mn to Mn occurs and MWCNT is successfully modified.
The FT-IR spectra were analyzed to verify the functional
groups on the surface of MWCNT after surface modification
using a PTC. In Figure 1, the strong characteristic peak at
-1
3433 cm was attributed to the existence of O-H groups on
-1
the surface of modified MWCNT, and the peak at 2942 cm
of samples indicated the aliphatic CH (-CH groups) deformation vibration, one of the basic structures of MWCNT. Compared with the corresponding peak in Figure 1(a), the peak
of O-H groups in Figure 1(b) was much stronger. The spectra
of functionalized MWCNT also showed the stronger peaks at
-1
1631 and 1124 cm than those of pristine MWCNT. The peaks
was attributed to the C=O and C-O groups stretching vi15
brations, respectively. The presence of these vibration peaks
suggests that functional groups had attached onto the surface
of MWCNT.
Figure 2 represents the XPS spectra of pristine MWCNT
and functionalized MWCNT. XPS is a surface chemical analytical technique that collects information about chemical
16
bonding on the surface. The main peak (about 284.5 eV)
is attributed to the C1s, and the other peaks are attributed
to -C-OH (about 285.8 eV), -C=O (about 286.4 eV), and
7
-COOH (about 287.7 eV), respectively. The XPS spectra indicate that the functional groups of MWCNT surface were
changed after chemical oxidation process using KMnO4. The
outermost peak is the XPS spectra, the inner peaks are the
deconvoluted ones versus the binding energy of each functional group. The atomic concentration of functional groups
16
is calculated based on the area under each deconvoluted peak.
As shown in Table 1, on the pristine MWCNT surface, 8.09%
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Figure 1. FT-IR spectra of (a) pristine MWCNT and (b)
MWCNT-OH.
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Figure 2. XPS spectra of (a) pristine MWCNT and (b)
MWCNT-OH.
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Table 1. Semi-quantitative analysis of the pristine MWCNT
and MWCNT-OH
pristine MWCNT
Peak

MWCNT-OH

Binding Energy Atomic Binding Energy Atomic
(eV)
%
(eV)
%

C 1s

284.48

78.62

284.38

71.11

-C-OH

285.48

8.09

285.58

13.06

-C=O

286.18

6.58

286.68

6.51

-COOH

287.18

6.71

288.48

9.31

(a)
(b)
(c)

MWCNT, (b) 1.29 for MWCNT-OH and (c) 1.44 for MWCNTCOOH, respectively.
Conventional chemical modification for the oxidation of
MWCNT is performed at very severe conditions using mixture
of strong acids at high temperature above 100 ℃. Under these
conditions, the significant damages to the molecular framework of MWCNT including sidewall opening, breaking, and
17,18
From the
transformation to amorphous carbon are resulted.
FT-Raman data, the lower D- to G-band ratio of 1.29 for the
PTC modification compared to 1.44 for the conventional
chemical oxidation method using H2SO4/HNO3 means that the
less damage of MWCNT was achieved. Also, it reveals that
the treatment with a PTC at room temperature offers a similar
degree of oxidation to the common acid treatment as reported
7
by Varadan and coworkers.

Intensity (a.u.)

2. Dispersion stability of MWCNT dispersion
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Figure 3. FT-Raman spectra of (a) pristine MWCNT, (b)
MWCNT-OH, and (c) MWCNT-COOH.

of carbon atoms were bonded with -OH groups, 6.71% with
-COOH groups, and 6.58% with =O groups. In comparison
with pristine MWCNT, the functionalized MWCNT had
13.06% of carbon atoms bonded with -OH groups, 9.31% with
-COOH groups, and 6.51% with =O groups, respectively. This
XPS result suggests that the MWCNT was majorly functionalized with the hydroxyl groups (-OH) on the surface by the
KMnO4 treatment.
The FT-Raman spectra of pristine, carboxylated MWCNT
(MWCNT-COOH) functionalized by acid treatment, and hydroxylated MWCNT (MWCNT-OH) functionalized by
KMnO4 are shown in Figure 3. There are two dominant optically active phonon modes in all the Raman spectra, where
-1
the line at 1600 cm is the G line, corresponding to graphite
2
carbon band from the sp -hybridized of MWCNT; the D line
-1
at 1280 cm is related to defective carbon band from the dis3
12
ordered sp -hybridized carbons in the curved graphite sheets.
The intensity ratio of the D to G bands means the degree
of defects in MWCNT by chemical treatment. The calculated
D/G band intensity ratios in Figure 3 are (a) 1.14 for pristine

As seen in Figure 4, 0.01 wt% MWCNT-OH were dispersed
in various solvents including (a) THF, (b) benzene, (c) MEK,
(d) ethylacetate, and (e) cyclohexane using a sonicator. The
photographic images were taken 2 months after dispersion.
MWCNT-OHs in benzene, ethylacetate and cyclohexane were
severely aggregated and completely precipitated. On the other
hand, MWCNT-OH in THF and MEK were stable even after
2 months. Therefore, THF and MEK could be considered as
the most proper solvents for this work.
A dispersant adjusts the interaction between MWCNT and
PS matrix and makes it stable for a long time. Dispersants
consisting of a high molecular weight copolymer and pigment
affinic groups adsorb on the surface of MWCNT. Therefore,
they inhibit MWCNT from reflocculation and aggregation
through a steric hindrance, and make MWCNT uniformly dis19
persed in the matrix. BYK-9077 containing basic affinic

(a)

(b)

(c)

(d)

(e)

Figure 4. Photographs of 0.01 wt% MWCNT-OH dispersion
in (a) THF, (b) benzene, (c) MEK, (d) ethylacetate, and (e)
cyclohexane.
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groups was selected as an adequate dispersant in this study
through preliminary screening. In Figure 5, the mixture of 0.01
wt% various MWCNTs, PS, and THF was dispersed by ultrasonication for 10 min. The pristine MWCNT dispersed in
PS/THF solution severely aggregated within a few hours and
sedimentation started in a day. After 2 months, most pristine
MWCNT settled down in the solution. In contrast, MWCNT-

(a)

(b)

(c)

Figure 5. Dispersion stability of (a) PS/pristine MWCNT/THF
solution (b) PS/MWCNT-OH/ THF solution and (c) PS/pristine MWCNT/THF solution with BYK 9077 with the same
concentration of MWCNT to PS (0.01 wt%).

(a)

OH and pristine MWCNT with a dispersant were shown a
significantly improved stability in PS/THF solution even for
2 months and more. It is very clear that modification of
MWCNT and addition of a dispersant have augmented the
chemical affinity between the MWCNT and PS solution.
3. Properties of PS/MWCNT composites
Figure 6 shows the SEM images of a fractured surface of
PS/MWCNT composite films containing 1.0 wt % of pristine
MWCNT, MWCNT-OH and pristine MWCNT with BYK9077 as a dispersant. Figure 6(a) is a SEM picture of fractured
surface of pure PS, which exhibits a relatively smooth surface.
For the composite with pristine MWCNT, severely aggregated
masses of MWCNT are frequently observed on fracture surface
as seen in Figure 6(b), whereas MWCNT-OH and pristine
MWCNT with BKY 9077 are spatially well dispersed in the
composite as shown in Figure 6(c) and (d).
The TGA curves and differential TGA curves (D-TGA) of
each PS/MWCNT composite film containing 1 wt% various
MWCNTs are shown in Figure 7, including the curve of pure

(b)

10 μm

(c)

10 μm

(d)

10 μm

10 μm

Figure 6. SEM microphotographs of the composites containing 3 wt% different MWCNTs; (a) pure PS, (b) pristine MWCNT,
(c) MWCNT-OH, and (d) pristine MWCNT with BYK-9077.
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Figure 7. TGA weight loss and DTGA curves for PS/MWCNT
films containing 1wt% different MWCNTs; (a) pure PS, (b)
pristine MWCNT, (c) MWCNT-OH, and (d) pristine MWCNT
with BYK-9077.

PS. In TGA curves, the thermo-degradation of the composites
took place in one step, producing one peak on D-TGA curves.
For all composites, a constant weight was maintained up to
300 ℃, and the weight loss occurred between 300 - 440 ℃
resulting from the thermal decomposition of PS molecules. The
pure PS was completely decomposed, while PS/MWCNT composites remained MWCNT as a residue. The D-TGA plots
show that the degradation temperature of pure PS is 400 ℃,
while that of PS/MWCNT composite samples is 405-415 ℃.
It indicates that the thermal stability of PS/MWCNT is slightly
improved by the incorporation of MWCNT.

Kim et al. have reported that the thermal conductivity of
20
pristine MWCNT at room temperature is 3000 W/m·K.
However, the thermal conductivity of our PS/MWCNT composites was not as good as the expected one, because of the
21
small interface thermal conductance of MWCNT. The thermal conductivity values of the PS/MWCNT composite films
with various MWNTs were given in Table 2. The results were
compared to investigate the effect of the types and amount
of MWCNT on the thermal conductivity. The thermal conductivity of the pure PS was 0.1805 W/m·K and that of the
composite films increased with increasing the concentration
of MWCNT. When the various MWCNTs were loaded by 3
wt% in composites, the thermal conductivities of PS/pristine
MWCNT, PS/MWCNT-OH and PS/pristine MWCNT with
BYK-9077 composite films were improved by 5.8, 8.3 and
15.8 % compared to the value of pure PS. This result shows
that the thermal conductivity of PS/MWCNT composites was
enhanced by adding MWCNT. Among the PS/MWCNT composite films, PS/pristine MWCNT with BYK-9077 composite
has the highest thermal conductivity because BYK-9077 improves the dispersibility of MWCNT in PS matrix as enhancing an affinity between PS and MWCNT.
Table 3 shows the electrical conductivity values of the
PS/MWCNT composite films containing various MWCNTs at
room temperature. It is widely known that the PS is electrically
-14
22
insulating materials (1.0×10 S/cm). With the addition of
the conductive MWCNT into the PS matrix, the conductivity
of the PS/MWCNT composites increases as the amount of
MWCNT increases. When the amount of MWCNT was 3 wt%
in composite, the conductivity of the composites increases
Table 2. Thermal conductivity of pure PS and PS/MWCNT
composites containing 1, 2 and 3 wt% different MWCNTs
MWCNT wt% to PS

Thermal conductivity (W/mK)
-

1

2

3

pure PS

0.1805

-

-

-

pristine MWCNT

-

0.1847

0.1891

0.1911

MWCNT-OH

-

0.1896

0.1944

0.2028

MWCNT/BYK-9077

-

0.1937

0.1956

0.2091

Table 3. Electrical conductivity of pure PS and PS/MWCNT
composites containing 1, 2 and 3 wt% different MWCNTs
MWCNT wt% to PS
pure PS
pristine MWCNT

2
Electrical conductivity (S․cm )

-

1

2

1.10×10-14

-

-

-

-10

8.30×10

3
-9

1.13×10 7.62×10-7

-9

MWCNT-OH

-

2.52×10 3.04×10-8 2.30×10-6

MWCNT/BYK-9077

-

6.17×10-8 5.70×10-6 2.40×10-5
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-5

from 7.62×10 (PS/pristine MWCNT composite) to 2.40×10
S/cm (PS/pristine MWCNT composite with BYK-9077). Among
the PS/MWCNT composite films, PS/pristine MWCNT with
BYK-9077 composite has the highest electrical conductivity
due to improvement of an affinity between the PS and
MWCNT.

Ⅳ. Conclusions
In this work, PS/MWCNT nanocomposite films containing
various MWCNTs were prepared by solution mixing technique. The MWCNTs including pristine MWCNT, MWCNTOH, and pristine MWCNT with a dispersant were uniformly
dispersed in PS/THF solution using high shear mixing. And
the mixtures were precipitated in excessive methanol. Thin
composite films were prepared from the coagulated precipitates using hot-press molding after complete drying. For the
composite containing pristine MWCNT, severely aggregated
masses of MWCNT are frequently observed on the morphology, whereas MWCNT-OH and MWCNT with a dispersant
are spatially well dispersed in the composites. The thermal
stability of PS/MWCNT composite was enhanced as compared
to pure PS. The thermal and electrical conductivity of the composite films changed according to the types and the amount
of MWCNT. Among the PS/MWCNT composite films studied
in this article, PS/pristine MWCNT with BYK-9077 composite
exhibited the highest thermal and electrical conductivity because BYK-9077 improves the dispersibility of MWCNT in
PS matrix as enhancing an affinity between PS and MWCNT.
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