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Abatract −−−−A high yield purification method was developed for multi- and single-walled carbon nanotubes, com-
bining both the gas-phase purification using H2S and O2 mixture to remove impurity carbon particles and the acid treat-
ment to remove metal particles. For the purification of MWNTs, the purification yield was about 54%, much higher
than the yield previously reported. For the SWNTs, the combined liquid-gas purification process resulted in a high
purity of >95% and a high yield of 20-50%, depending on the quality of raw material. Hydrogen sulfide played a role
of enhancing the removal of carbon particles as well as suppressing the oxidation of carbon nanotubes. Overall, the
purification method developed in this work is simple and quite effective for removing unwanted carbon and metal par-
ticles out of MWNTs and SWNTs.
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INTRODUCTION

Carbon nanotubes have attracted much attention because of their
fascinating electronic and mechanical properties, such as high mod-
ulus [Yakobson et al., 1996; Salveta et al., 1999] and structural di-
versity [Mintmire et al., 1992; Hamada et al., 1992], effective field
emission characteristics [Collins et al., 1997; Fan et al., 1999], and
capability for hydrogen storage [Dillon et al., 1997; Nutzenadel et
al., 1999]. There are two kinds of carbon nanotubes: multi-walled
and single-walled. Conventional dc arc discharge method is gener-
ally used to produce multi-wall carbon nanotubes (MWNTs) in large
quantity [Ebbessen and Ajayan, 1992; Journet et al., 1997]. How-
ever, this method also produces a large amount of impurity parti-
cles such as graphite and amorphous carbon particles, which are
always mingled with carbon nanotubes [Ando et al., 1993; Colbert
et al., 1994]. Single-wall carbon nanotubes (SWNTs) are produced
by several methods, such as arc-discharge method in the presence
of a transition metal catalyst, pulsed laser vaporization, chemical
vapor deposition, and catalyst-assisted decomposition. However,
the SWNTs produced by these methods also contain a large amount
of impurities such as graphite, amorphous carbon and catalytic me-
tal particles. As these impurities cause a serious impediment for their
detailed characterization and applications, they have to be removed
for further physical and chemical processing.

There are several ways of purification of MWNTs such as fil-
tration, chromatography, centrifugation, thermal oxidation in air,
and infrared radiation heating method [Ebbesen, 1997; Yoshinori
et al., 1998; Park et al., 2001]. It is known that MWNTs are purified
to some extent by using the methods mentioned above, but still con-
tain impurities and thus the yield is very low in most cases (<20%).
Furthermore, these methods have some difficulty in controlling the

oxidation rates between carbon nanotubes and impurity partic
The purification methods for the MWNTs proved to be inapplic
ble to the SWNTs because compared to the MWNTs, the SW
have larger curvatures and higher chemical reactivity, resulting
SWNTs being destroyed prior to impurity particles [Shelimov 
al., 1998].

Several methods for the purification of SWNTs, such as ul
centrifugation, microfiltration, cross-flow filtration, and oxidizing
acid reflux method [Shelimov et al., 1998; Jeong et al., 2001] h
been studied. However, it is known that sonicating nanotubes f
long time and at high frequency can cause damage by breakin
nanotubes into smaller pieces. The filtration method also has
disadvantage that it leaves some amorphous carbon particles
multishell nanocapsules from SWNT samples, and is a quite c
plicated process. Hence, a gas-phase or a combined liquid- and
phase purification method needs to be developed [Jeong et al., 2

Fig. 1. Process flow of the purification of SWNTs.
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In this work, we present a simple and efficient method for purifi-
cation of carbon nanotubes: a thermal oxidation using a H2S-O2 mix-
ture for MWNTs and a combined liquid- and gas-phase purifica-
tion for SWNTs. The thermal oxidation using hydrogen sulfide and
oxygen gas mixture was used to remove impurity carbon particles,
and the liquid treatment using 3 M HCl solution to eliminate cata-
lytic metal particles. After the purification process, the nanotubes
were examined by SEM (scanning electron microscopy), EDS (en-
ergy dispersive spectroscopy), and Raman spectroscopy.

EXPERIMENTAL

Carbon nanotubes were prepared by a conventional electric arc-
discharge method under helium atmosphere using two graphite rods
with diameters of 10 mm and 25 mm as an anode and a cathode,

respectively. Growth conditions were 400 Torr, 20 V and 100 A
DC current for MWNTs, and 100 Torr, 25 V and 80 A for SWNT
The SWNTs were grown by inserting 5% of a mixture of Ni, C
and Fe metals (Ni : Co : Fe=1 : 1 : 1) into the small hole in a g
phite rod. Approximately 100 mg of raw material was used for 
purification experiments as received.

For purification of MWNTs, nanotubes were thermally oxidize
to remove impurity carbon particles with O2, H2S-O2 mixture, and/
or H2S/O2 plasmas at various conditions. One-step oxidation met
was adopted to oxidize impurity particles in MWNTs. By contra
the SWNTs were purified by a multi-step method, combining 
liquid-phase treatment using 3 M HCl to eliminate catalytic me
particles and the gas-phase oxidation using the H2S-O2 mixture to
remove carbon particles.

Fig. 1 shows the purification method for the SWNTs. As a fi

Fig. 2. SEM micrographs of the raw and the MWNTs purified by H2S-O2 oxidation at various temperatures for three hours.
May, 2002
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step of purification, the raw sample (100 mg) of SWNTs was sus-
pended in 3 M HCl solution at room temperature to remove metals
and refluxed for 24 h. The supernatant liquid was then decanted off
and the black sediment was resuspended in deionized water. This
procedure was performed more than three times, and the sample
was dried at 150oC for 24 h. In order to remove amorphous carbon
and nanoparticles, the SWNTs were then oxidized at 500oC for 1 h
by using hydrogen sulfide and oxygen. The oxidized samples were
suspended in 3 M HCl solution for 2 h to further remove any metal
particles remaining after the oxidation process. The samples were
then finally dried at 150oC for 24 h and weighed for yield data.

RESULTS AND DISCUSSION

1. Purification of Multi-walled Carbon Nanotubes
Fig. 2 shows a typical SEM image taken at the raw sample of

MWNTs synthesized by the arc-discharge method (a), and the nano-
tubes purified by oxidation using the H2S-O2 mixture at various tem-
peratures (450-700oC) for three hours. During these experiments,
the flow rates of H2S and O2 were kept constant at 9 ml/min and
22 ml/min, respectively. The raw sample seems to show no carbon
nanotubes on the surface because the MWNTs were mostly em-
bedded inside the carbonaceous particles. This indicates that there
exists a large amount of impurity particles, mostly amorphous car-
bon. With oxidizing at 450oC, some of the carbon particles were
removed out of the surface. At 500oC, most of the impurity par-
ticles were removed and the yield was about 54%, much higher than
the yield previously reported. However, at temperatures higher than
500oC, some part of carbon nanotubes was also oxidized and showed
broken or shorten nanotubes together with soot sitting on the sur-
face. At higher temperatures, the impurity carbon particles are ini-
tially burned out, but as the time proceeds, more carbon nanotubes
are exposed on the surface and thus have more chance to be attacked
by reactive gas species, resulting in oxidation of nanotubes and low
yield of purification.

The possible chemical reaction of hydrogen sulfide with amor-
phous carbon and oxygen is:

C(s)+H2S(g)+O2(g)�COS(g)+H2O(g), ∆Gr
o=−403 kJ/mol.

This reaction was confirmed with water vapor condensing at the
exit of the reactor. We believe that some of oxygen reacts with amor-
phous carbon, which results in formation of carbon dioxide or car-
bon mono-oxide, and the rest of the oxygen reacts with hydrogen
sulfide and amorphous carbon, resulting in formation of carbon oxy-
sulfide (COS) and water vapor. Hence, the hydrogen sulfide may
play a role of enhancing the removal of carbon particles as well as
controlling the oxidation rate of carbon with oxygen.

Fig. 3 shows a comparison of SEM images of MWNTs, puri-
fied with pure oxygen (a) and the H2S and O2 mixture (b), respec-
tively, at 500oC for 3 h. Although the pure oxygen purification meth-
od seems to be competitive with the H2S-O2 method, nanosize car-
bon particles are still left on the nanotube surface and the yield of
the former (20%) is much lower than the latter (54%).

Fig. 4 represents FT-Raman spectra of raw and purified MWNTs
at various temperatures. Raman spectra of both raw and purified
MWNTs clearly show the peaks centered at 1,583 cm−1 (G-line),
indicating the formation of well-grown carbon nanotubes. The peaks

located at 1,605 cm−1 suggest that these carbon nanotubes are m
tiwalled [Eklund et al., 1995; Park, 2001]. The peaks at 1,290 c−1

(D-line) are attributed to amorphous carbon and defects such as 
agons and heptagons in graphite [Hiura et al., 1993; Li et al., 19
Compared to the raw and other samples, the MWNTs purified
500oC showed a substantial increase in peak intensity of the G-
but a decrease in the D-line intensity. This Raman study also
dicates that 500oC is an optimum temperature for the purificatio
of MWNTs with the H2S and O2 mixture.

Fig. 3. Comparison of SEM images of the MWNTs, purified with
pure oxygen (a) and the H2S-O2 mixture (b) at 500oC for
3 h.

Fig. 4. FT-Raman spectra of the raw and the purified MWNTs at
various temperatures.
Korean J. Chem. Eng.(Vol. 19, No. 3)
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In order to see the feasibility of utilizing a plasma for the purifi-
cation nanotubes, raw samples were treated in H2S/O2 discharge at
500oC for 1 h, which was an inductively coupled plasma gener-
ated by a radio frequency generator (13.56 MHz). Fig. 5 shows the
effect of rf source power on the purification of MWNTs in terms
of SEM images. Compared to the raw sample (a), the samples were
purified to some extent at low power of 30 W (b). By contrast, the
samples were over-etched at higher source powers (c and d) and

showed a sponge-like structure. This may be attributed to over-
dation of carbon nanotubes as well as impurity particles with re
tive species such as oxygen, hydrogen, and sulfide radicals at h
source power. However, the result at 30 W leaves the possib
that we may have good purification by controlling the reaction tim
temperature, and the source power.
2. Purification of Single-walled Carbon Nanotubes

Based on the optimum condition for removing the amorphous 

Fig. 5. SEM micrographs of the raw and the purified MWNTs with H2S/O2 plasmas at various rf powers.

Fig. 6. SEM micrographs of the raw (left) and the purified (right) SWNTs with the combined acid treatment and H2S-O2 oxidation.
May, 2002
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bon particles of MWNTs, the purification process depicted in Fig.
1 was carried out for the SWNTs. Fig. 6 shows typical micrographs
of SEM taken at the raw (left) and the purified (right) SWNT sam-
ples. In general, the SWNTs are coexisting with a large amount of
amorphous carbon, onionated and metal particles embedded into
the amorphous carbon. The amount of SWNTs produced by the
arc-discharge method was estimated at less than 30%. After acid
treatment and thermal oxidation using H2S and O2 at 500oC for 1 h,
high density SWNTs were observed at random orientation with no
carbon nanoparticles and amorphous carbon but with a few of me-
tal particles, as shown in Fig. 6 (right). The purification yield ob-
tained varied from 20 to 50%, depending on the purity of the starting
raw material. The cleaned SWNTs showed a high purity of >95%,
which was defined as the ratio of the area of impurity particles to
that of SWNTs. Details in terms of Raman spectroscopy of each
step of the purification process are available in our previous work
[Jeong et al., 2001], in which the role of H2S was described as en-
hancing the removal of carbon particles and suppressing the oxida-
tion of nanotubes.

Compared to purification methods reported previously, the pro-
cess developed in this work is quite simple and effective to remove
unwanted carbon and metal particles out of MWNTs and SWNTs.
However, for a better understanding of the mechanism of selective
oxidation of carbon particles from nanotubes, a further study is needed
in terms of oxidation kinetics of the H2S-O2 mixture.

SUMMARY AND CONCLUSIONS

We developed a new purification process of multi- and single-
walled carbon nanotubes, combining both the gas-phase purifica-
tion using H2S and O2 mixture to remove impurity carbon particles
and the acid treatment to remove metal particles. H2S played a role
of enhancing the removal of carbon particles as well as suppress-
ing the oxidation of nanotubes. For the purification of MWNTs, a
one-step process of thermal oxidation using the H2S-O2 mixture was
suitable, and at 500oC most of the impurity particles in MWNTs
were removed. The purification yield was 54%, much higher than
the yield previously reported. However, at temperatures greater than
500oC, some parts of carbon nanotubes were also oxidized and bro-
ken or shortened. For the SWNTs, the combined liquid-gas purifi-
cation process resulted in a high purity of >95% and a high yield
of 20-50%, depending on the quality of raw material. Overall, the
purification method developed in this work is simple and quite ef-
fective for removing unwanted carbon and metal particles out of
MWNTs and SWNTs.
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