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bstract

Carbon nanotubes are expected to play an important role in sensing, pollution treatment and separation techniques. This study examines the
dsorption behaviors of volatile organic compounds (VOCs), n-hexane, benzene, trichloroethylene and acetone on two multiwall carbon nanotubes
MWCNTs), CNT1 and CNT2. Among these VOCs, acetone exhibits the highest adsorption capacity. The highest adsorption enthalpies and
esorption energies of acetone were also observed. The strong chemical interactions between acetone and both MWCNTs may be the result from

hemisorption on the topological defects. The adsorption heats of trichloroethylene, benzene, and n-hexane are indicative of physisorption on the
urfaces of both MWCNTs. CNT2 presents a higher adsorption capacity than CNT1 due to the existence of an exterior amorphous carbon layer
n CNT2. The amorphous carbon enhances the adsorption capacity of organic chemicals on carbon nanotubes. The morphological and structure
rder of carbon nanotubes are the primary affects on the adsorption process of organic chemicals.

2007 Elsevier B.V. All rights reserved.

ds

a
a
b
o
r
T
i
t

[
c
o
N
m

eywords: Carbon multiwall nanotubes; Adsorption; Volatile organic compoun

. Introduction

Volatile organic compounds (VOCs) are used in both domes-
ic and industrial applications, including transport, household
hemicals, paints and adhesives. VOCs are also an important
lass of chemical pollutants in the environment due to their high
olatility. Since the existence of VOCs in the atmosphere causes
evere health problems, they have attracted public and academic
ttention. Many VOCs and their degradation products are known
r suspected carcinogens, and the development of effective treat-
ents to remove these organic chemicals is necessary.
One method of controlling VOC emissions is adsorption onto

arbon sorbent. These sorbents have high removal efficiencies
nd low cost, which make them cost effective processes that are

lso able to be regenerated and to recover many VOCs for reuse.
owever, there are still gaps in our understanding of gas-to-
article partitioning in most carbon adsorbent materials, such
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s activated carbon, because they are essentially structureless
nd have complex physicochemical properties. In contrast, car-
on nanotubes have well-defined structures. Sorption of VOCs
n carbon nanotubes can provide a better understanding of the
elationships between sorption potential and carbon structures.
herefore, the adsorption of organic vapors in carbon nanotubes

s an important issue for both theoretical study and environmen-
al applications.

Carbon nanotubes (CNTs), originally discovered by Iijima
1], can offer crystalline pores of cylindrical shape with walls
onsisting mainly of graphite sheets. There are two categories
f carbon nanotubes: single-walled carbon nanotubes (SWC-
Ts) consisting of only one carbon layer and with pores in the
icroporous range and multiwalled carbon nanotubes (MWC-
Ts), which consist of at least two layers and have pores in
esopore range. Since the layer-to-layer spacing of 0.34 nm in
WCNTs [2] is generally smaller than the radius of gyration
f organic vapors, most organic chemicals are too large to be
dsorbed between the MWCNTs layers. Adsorption can occur
n the external wall surface of MWCNTs or through capillary
ondensation in the MWCNTs pores.

mailto:yhs@nchu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.09.095
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Table 1
Physiochemical properties of selected VOCs

Molecular formula Molecular weight (g/mol) Ea Sa Aa Ba La

TCE C2HCl3 131 0.52 0.37 0.080 0.030 3.0
Benzene C6H6 78.1 0.61 0.52 0.00 0.14 2.8
n-Hexane C6H14 86.2 0.00 0.00 0.00 0.00 2.7
Acetone C3H6O 58.1 0.040 0.70 0.49 0.55 1.8
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a Parameters of linear solvation energy relationships (LSER) [53]. E reflects t
he solute dipolarity/polarisability parameter. A is a measure of the solute hydro
as–liquid partition coefficient on n-hexadecane at 25 ◦C.

In recent years CNTs have been proposed as adsorbents for
variety of gases, such as hydrogen [3], NH3 and NO2 gas

4] by SWCNTs, as well as ethanol, n-hexane [5], n-nonane
nd CCl4 [6]. Carbon nanotubes have a higher removal effi-
iency of dioxin than activated carbons [7]. Crespo and Yang
8] showed that the adsorption capacity of single-wall carbon
anotubes for thiophene is larger than that of activated carbons.
eng et al. [9] found that carbon nanotubes efficiently adsorb 1,2-
ichlorobenzene in water at pH 3–10. The adsorption volume
f PAHs on carbon nano-materials is decreased with molecular
olume and adsorption volume on carbon nanotubes is much
igher than fullerence [10]. However, there has been limited
nvestigation of the adsorption of VOCs vapors with MWCNTs.

This study aims to investigate the adsorption mechanisms and
hermodynamics of four volatile organic vapors, trichloroethy-
ene, n-hexane, benzene and acetone on multiwalled nanotubes.
our organic compounds with different chemical moieties were
sed as chemical probes to study the adsorption interactions on
wo MWCNTs. The heat of adsorption of these organic chemi-
als was also analyzed. These parameters are useful in predicting
he performance of these adsorbents and facilitating the design
f adsorption systems.

. Materials and methods

.1. Materials

The four tested VOCs, trichloroethylene (purity > 99.5%),
enzene (purity > 99.9%), acetone (purity > 99%), and n-hexane
purity > 99%), were of gas chromatographic analytical grade
nd purchased from Aldrich. These four VOCs have simi-
ar molecular size but they belong to different organic groups
Table 1). Trichloroethylene, a chlorinated alkene, and benzene,
n aromatic organic compound, are common organic contam-
nants in the environment. Acetone, a ketone, and n-hexane, a
inear alkane, are widely used industrial solvents. Two carbon

ultiwall nanotubes, CNT1 and CNT2, were purchased from
ldrich in different batch with purity higher than 95 wt.%. These

wo MWCNTs have similar diameters and lengths, and were
sed without further purification.

.2. Characterization of MWCNTs
The multiwall carbon nanotubes were characterized to ana-
yze their geometrical structure and surface properties including:
urface area, pore volume, and surface carbon properties. The

e
t
i
p

lity of the solute to interact with a sorbent through �- and n-electron pairs. S is
ond acidity. B is a measure of the solute hydrogen-bond basicity. L is the solute

orphologies and microstructures were studied with a scanning
lectron microscope (SEM, TOPCON, ABT-150S Thermionic
mission SEM, Japan), with an energy dispersive spectrom-
ter (EDS) and with a high-resolution transmission electron
icroscope (HRTEM, JEM-2010, JEOL Ltd., Japan). The

itrogen adsorption isotherm at 77 K was determined using a
icromeritics ASAP2100 analyzer accelerated surface area and

orosimetry apparatus. The sample was degassed at 378 K for
h. Confocal Raman spectra and images (Nanofinder-30, Tokyo

nstruments Inc., Japan) were measured by HeNe laser excitation
t 632.8 nm. The X-ray photoelectron spectroscopy (XPS) was
erformed with a VG-Scientific ESCALAB 250 spectrometer
UK) with monocromatized Al K� X-ray source.

.3. Adsorption experiments

The adsorbent was placed into a 10 cm length of stainless steel
olumn (o.d. 1/8 in.). In order to obtain homogeneous packing,
he adsorbent was introduced in small quantities, accompanied
y mechanical vibration. The two ends of the column were
lugged with silane-treated glass wool. The columns loaded
ith around 10 mg MWCNTs were then stabilized in a con-
entional gas chromatograph (Model 8700F, Taiwan) at 453 K
vernight under a helium flow rate of 5–60 mL/min. The gas
hromatograph was equipped with a flame ionization detector
FID). Nitrogen (purity >99.995%) was used as carrier gas, and
ow rates of 5–10 mL/min were measured using a calibrated
oap bubble flowmeter. All measurements were performed in an
sothermal oven in the temperature range of 303, 333, and 363 K.
n order to meet the requirements for adsorption at infinite dilu-
ion, symmetry of the peaks and retention time reproducibility,
he injection amounts were in the range from 1 to 100 �L gases.
his was also examined by varying the carrier gas velocity and

he vapor concentration. Injection amounts in the range from 0.5
o 1000 �L of organic vapor have been suggested to allow mea-
urements at infinite dilution conditions and in the Henry’s law
egion for the determination of adsorption coefficients on min-
ral surfaces [11] and black carbons [12]. Methane was used as
marker for retention time correction.

The equilibrium sorption isotherm can be assumed to be lin-
ar and can be described by a sorption coefficient because of
he low concentrations of contaminants usually present in the

nvironment. Adsorption coefficients (Ks) can be described by
he equation, Ks = Cs/Cg, where Cs is the concentration of solute
n the solid phase and Cg is the concentration of solute in the gas
hase. The inverse gas chromatography (IGC) method [13,14]
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Fig. 1. A schematic experimental setting of inverse gas chromatography.

as been widely used for low concentrations to study gaseous
orption on solids. After the injection of the probe molecule,
dsorption takes place on the carbon sorbents in the column
ollowed by desorption. The schematic experimental setting is
hown in Fig. 1. IGC has been widely utilized to study various
aterials, such as carbon blacks [15], activated carbons [16],

rganoclays [17], and fibers [18].
In this chromatographic method, a chemical molecular probe

is injected into the column under isothermal conditions and the
bserved retention is a measure of its sorption intensity. The net
etention volume (VN) is determined using the follow relation:

N = (tR − tM)JTF (1)

here tR is retention time of chemical, tM is retention time of
n inert tracer (i.e., methane), J is a correction term for the
ressure drop across the column, T is a correction term for the
emperature, and F is flow rate.

At an infinitely dilute adsorbate concentration, the adsorption
oefficients are related to VN by the following [11,12,14]:

N = KsM (2)

here M is the mass of adsorbent in the column.
The volumetric flow rate of the carrier gas is corrected by

he pressure drop in a chromatographic system. For each mea-

urement, at least three repeated injections were taken to obtain
eproducible results.

Temperature-programmed desorption (TPD) was performed
sing a gas chromatograph (Agilent 6890, USA) equipped with

n
fi
m
o

Fig. 2. HRTEM images of (a) CNT1 and (b) CNT2
ous Materials 154 (2008) 21–28 23

FID detector. TPD has been adopted by several researchers
o screen adsorbents for organic chemicals and study the inter-
ctions of organic chemicals on carbon nanotubes [7,19,20].
n short, small amounts of VOC chemicals were loaded onto
he two MWCNTs and columns were then purged with helium
t room temperature. As oven temperature is increased, the
dsorbed VOC chemical eventually desorbs. The rate of desorp-
ion increases initially and reaches a maximum rate at a specific
emperature and then decreases. Because this desorption peak
emperature is related to the adsorption bond strength, a stronger
ond gives rise to a higher TPD temperature [21]. In the absence
f readsorption from the gas phase, the rate of desorption is [21]

dθ

dt
= kd e−E/RT θ (3)

here θ is the fractional surface coverage, T is the temperature,
is the time, E is the activation energy for desorption, R is the
as constant, and kd is a constant that depends on the desorption
inetics. The activation energy for desorption is calculated by
22]

ln Tm − ln b = E

RTm
+ ln A (4)

here Tm is the peak desorption temperature, b is the heating
ate and A is a constant.

. Results and discussion

.1. MWCNT morphology

Two multiwall carbon nanotubes, CNT1 and CNT2,
ere examined by a high-resolution transmission electron
icroscopy (HRTEM) as shown in Fig. 2. Fig. 2 shows a typical
RTEM image of a microstructure of MWCNTs, indicating that
WCNTs have clear graphite layers. The average pore width

nd the average thickness of the CNT1 are estimated to be 7.3 and
8.8 nm, respectively. The average pore and the average thick-

ess of the CNT2 are 11.2 and 28 nm, respectively. There are no
ne spherical particles, such as soots or catalysts in these two
ultiwall carbon nanotubes. However, there is an exterior layer

n CNT2 observed by electron microscopy that is not present

. Arrows show the exterior layers on CNT2.
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Table 2
Physical properties of CNT1 and CNT2

CNT1 CNT2

BET surface area (m2/g) 108 114
BET average pore size (nm) 10.9 10.2
M
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esopore volume (cm3/g) 0.529 0.430
icropore volume (cm3/g) 0.00614 0.00222

n CNT1. According to the EDX spectrum, this coating layer
s composed only by carbon atoms. Yang and Xing [23] also
ndicated that MWCNTs may contain impurities dominated by
morphous carbon.

.2. Nitrogen adsorption isotherm

Fig. 3 shows the sorption isotherms of nitrogen on these two
WCNTs at 77 K and relative pressures (P/Po = 4.04 × 10−5 to

.995). At low P/Po, the isotherms are of type II, which also
ncludes features of a type I due to micropores. They follow a
ubstantial increase in the uptake of nitrogen due to capillary
ondensation. The slight hysteresis may result from the inter-
ubular space. The adsorption/desorption isotherms indicated
hat adsorption of nitrogen on these two CNTs is a reversible
eaction. The same type of isotherms have also been reported on
ultiwalled CNTs [24–26].
Nitrogen adsorption is frequently used to probe porosity and

urface area of porous materials. The specific surface area of

WCNTs was calculated by the standard BET method. Table 2

hows the specific surface area and pore volume of CNT1 and
NT2. The mesopore (2–50 nm) volume is dominant in these

wo nanotubes. The micropore (<2 nm) volume for CNT1 is only

ig. 3. Nitrogen adsorption isotherms of (a) CNT1 and (b) CNT2 at 77 K.
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Fig. 4. The pore size distribution of two MWCNTs.

light more than CNT2. In the pore size distribution plot (Fig. 4),
nner hollow cavities mainly 3.0–4.0 nm were observed in these
wo multiwalled carbon nanotubes. Yang et al. [27] also observed
nner hollow cavities of smaller diameter (narrowly distributed,

ainly 3.0–4.0 nm) in their MWCNTs. There is no significant
ifference observed in surface physical properties between these
wo MWCNTs except for the exterior amorphous carbon layer
n CNT2.

.3. Spectral analysis

Raman spectroscopy is mainly used to characterize crys-
allinities of carbon nanotubes. All carbon forms contribute to
he Raman spectra in the range of 1000–1700 cm−1 giving rise
o a three-band feature with peaks at ∼1350 cm−1 (D band),

1582 cm−1 (G band), and ∼1615 cm−1 (D’ band) [28]. The
band is a double-resonance band, which serves as a measure

f structural disorder due to finite particle size [29], curvature
ffects of the graphene, defects caused by pentagons or hep-
agons, and graphitic or nanoscale carbon particulate material
n the tubes [30,31]. The D’ band is also a double-resonance
aman feature induced by disorder and defects. The G band

esults from intramolecular vibration between carbon atoms and
he in-plane stretching of the C C bonds in graphene [29,32].
ehler et al. [28] also indicated that the D band position and the

atio of ID/IG depends on the excitation energy of the incident
aser energies because of the different resonant Raman effect
nduced by different excitation energies.

In Fig. 5, the relative intensity of the peaks at 1380 cm−1

D band) and 1550 cm−1 (G band) with the laser of wavelength
32.8 nm gives information on the presence of diamond and
raphite forms of carbon, respectively [28,33,34]. In addition,
he D’ band was found at around 1615 cm−1, indicating the
efects along the tube body [35]. This D band is induced by dis-
rder or crystallographic defects located in the nanotube walls
nd ends [36,37]. The ordering of tube walls increases as the
atio of the D band to G band intensity (ID/IG ratio) decreases

28]. The ID/IG ratio of CNT2, 1.43, is larger than that of CNT1,
.12, indicating that there is less ordering of the graphite tube
alls of CNT2 than CNT1. This is consistent with the above
RTEM observation. For MWCNTs, the ID/IG ratio of around
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Fig. 5. Raman spectra of two MWCNTs.
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Fig. 6. C1s XPS spectra of two MWCNTs.

.3–1.6 was also found in some literature [38,39]. In Raman
pectra, the peak (D band) is not weak, and the ratio of ID/IG
s larger than 1, revealing large amount of disordered carbon in
hese two MWCNTs.

XPS was also performed on these two carbon nanotubes
or surface chemical analysis (Fig. 6). The carbon 1s peak
n XPS spectra can be resolved into three assignments [40]:
84.38–284.53 eV for C C bindings, 285.11–285.5 eV, C C
indings, and 286.21–287.53 eV for C O bindings. The dis-
ribution of C in each structural group was calculated as the
ercentage to the total carbon. The C O bindings are 11.8 and
3.1% for CNT1 and CNT2, respectively.
.4. Adsorption of VOCs on MWCNTs

The adsorption coefficients of four VOCs on MWCNTs at
03 K are shown in Table 3. The adsorption coefficients of ace-

w
o
s
a

able 3
dsorption coefficients of the four selected VOCs on MWCNTs at various temperatu

(L/g) 303 K 333 K

CNT1 CNT2 CNT1

richloroethylene 5.24 ± 0.358 24.9 ± 0.887 1.50 ±
enzene 3.56 ± 0.335 25.5 ± 0.915 1.25 ±
-Hexane 4.21 ± 0. 314 16.7 ± 1.31 1.41 ±
cetone 75.9 ± 0.170 516.4 ± 1.42 10.7 ±
ous Materials 154 (2008) 21–28 25

one, the most polar compound in this study, are the largest for
hese two carbon nanotubes. Acetone molecules may occur at
pecific interactions on these two MWCNTs due to their curva-
ure and topological defects. The high ID/IG ratio of these two

ultiwall carbon nanotubes as compared to single carbon nan-
tubes indicates more structurally disordered walls and defects
n these two MWCNTs. Several studies have indicated that
efect sites are of great importance to the adsorption process
20,41–43]. On curvature and topological defects, acetone may
ead to a chemical adsorption on carbon nanotubes [20]. Chakra-
ani et al. [20] presented the strong chemisorption of acetone
olecules on the surface of carbon nanotubes with a Stone-
ales defect. Tang et al. [44] indicated that carbon nanotubes

an adsorb one polar compound, water molecule, by electro-
tatic interaction. They suggested that carbon nanotubes act
s an electric dipole with water molecules serving as electron
onors. Acetone dipoles have also been suggested to produce
ipole-dipole interactions on planar graphite [45].

For the adsorption of three hydrophobic compounds,
richloroethylene, n-hexane, and benzene on CNT1, the adsorp-
ion coefficients are around 4 and 5 (L/g) for three hydrophobic
ompounds, trichloroethylene, n-hexane, and benzene. The
dsorption coefficients of organic compounds on carbon nan-
tubes around 2–10 (L/g) have been reported [10,46]. The
dsorption coefficients of these three adsorbates seem to
ecrease slightly with a decreasing trend of their molecular
eight, suggesting that van der Waals interactions dominate the

orption process between these three adsorbates and surface of
NT1. It has been suggested that the dispersive interactions
f several VOCs on MWCNTs mainly control the adsorption
rocess [24]. However, the adsorption coefficients we report
ecrease in the order benzene� trichloroethylene > n-hexane on
NT2. The molecular descriptors of dipolarity, electron donor
nd electron acceptor of benzene and trichloroethylene shown
n Table 1 are larger than those of n-hexane. This indicates
hat the surface of CNT2 is favorable for the �–� electron
onor–acceptor (EDA) interaction with adsorbates. The EDA
nteractions between organic adsorbates and carbon nanotubes
ave been presented by several studies [5,47,48]. Dı́az et al.
24] also indicated that specific interactions of benzene larger
han cyclohexane on multiwalled CNTs may be caused by the

carbon–carbon interaction.
The adsorption capacities of CNT1 for all organic vapors
ere less than the corresponding values for CNT2. Adsorption
f organic vapors on carbon nanotubes can occur in the hollow
pace inside nanotubes, the interstitial space between nanotubes,
nd the curved surface of nanotube bundles [46]. Organic chem-

res

363 K

CNT2 CNT1 CNT2

0.251 14.1 ± 6.81 0.778 ± 0.270 5.76 ± 1.19
0.260 8.3 ± 2.87 0.802 ± 0.270 2.26 ± 0.233
0.286 11.4 ± 6.95 0.888 ± 0.286 2.72 ± 1.07
1.55 43.9 ± 0.370 2.84 ± 0.266 5.83 ± 0.497
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Table 4
Adsorption enthalpies (�H) of the four selected VOCs on MWCNTs

TCE n-Hexane Benzene Acetone
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Fig. 7. Adsorption enthalpies of these selected VOCs on (a) CNT1 and
(b) CNT2. For CNT1, ln Kacetone = 6000(1/T) − 15.6 with R2 = 0.997,
ln KTCE = 3520(1/T) − 10.0 with R2 = 0.984, ln Kn-hexane = 2878(1/T) − 8.14
with R2 = 0.970 and ln Kbenzene = 2757(1/T) − 7.90 with R2 = 0.968. For CNT2,
l 2
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HCNT1 (kJ/mol) −29.3 −23.9 −22.9 −49.9
HCNT2 (kJ/mol) −20.3 −35.3 −38.1 −68.3

cals in this study do not enter into the MWCNT layers because
hese organic chemicals are too large to be adsorbed in the spaces
etween layers of MWCNTs. Agnihotri et al. [46] suggested
hat the organic vapor adsorption would mainly occur inside the
anotubes and then on the external surface of CNT bundles.
ccording to our pore size distribution, organic vapor adsorp-

ion can occur inside the nanotubes and the external surface of
hese two MWCNT bundles. The slightly greater surface area of
NT2 than CNT1 (Table 2) may be responsible for a minor part
f the higher adsorption capacity of CNT2. The main cause could
e the amorphous carbon layer on the surface of CNT2 (Fig. 2).
ilding and Grulke [41] also indicated that amorphous carbon

ssociated with raw carbon nanotubes is a strong adsorbent for
ydrocarbons.

.5. Thermodynamics of VOCs on MWCNTs

The adsorption capacity of these VOCs decreased with
ncreased temperature, as shown in Table 3. Whether the
dsorption of VOCs on MWCNTs is due to a physical or a
hemical process can be elucidated via the measured enthalpy
hange (�H). Applying the van’t Hoff equation, the relationship
etween the change of enthalpy and adsorption coefficients can
e quantified as

d ln K

dT
= �H

RT 2 (5)

here R is the ideal gas constant, T is the absolute tempera-
ure (K), and K is the equilibrium MWCNTs-gas distribution
oefficient.

Assuming that �H is constant over the studied tempera-
ure range, relatively low negative values of enthalpy change
re obtained (Fig. 7), ranging from −20 to −38 kJ/mol for the
hree nonpolar hydrophobic chemicals, trichloroethylene, ben-
ene, and n-hexane (Table 4). This implies that the adsorption
rocesses of these three hydrophobic chemicals are physical,
xothermic processes. The adsorption enthalpies of these three
dsorbates on MWCNT previously measured [24] are similar
o our results. This is in agreement with physical adsorption of
onpolar organic vapors on carbon nanotubes [24,41,46].

The adsorption enthalpies for CNT2 were generally greater
han those for CNT1 indicating that the interaction of these
rganic vapors with CNT2 was stronger than CNT1. This may
e due to the presence of the exterior carbonaceous layers on
NT2.

The heats of adsorption of benzene and n-hexane on MWC-

Ts in this study are lower than those on SWCNT and on
raphite [8,46,49,50]. The heat of adsorption for a gas adsorbed
n SWCNTs is generally higher than on planar graphite and on
WCNTs [41]. The highly bent graphite sheet on the SWCNT

f
s
c
e

n Kacetone = 8220(1/T) − 20.9 with R = 0.999, ln KTCE = 2443(1/T) − 4.95
ith R2 = 0.915, ln Kn-hexane = 4246(1/T) − 11.2 with R2 = 0.999 and

n Kbenzene = 4569(1/T) − 11.9 with R2 = 0.999.

all has strained double bonds. This gives SWCNTs a higher
urface potential inside the pores and on the outer wall than on
flat graphite surface [51]. These enthalpy results indicate that

he surface strain on MWCNTs is not sufficient to create the
p2/sp3 orbit-hybridization that can be observed in SWCNTs.

The observation of the largest adsorption enthalpy of acetone
ndicates that some chemical bond may be formed or broken
uring sorption and desorption, which is in agreement with the
iterature [20]. This value is larger than the enthalpy of adsorp-
ion of acetone on graphitized carbon (31.3 kJ/mol) [52]. In
ur TPD experiments, there were no identifiable peaks for n-
exane, benzene or trichloroethylene after purging with helium
as on either MWCNT therefore no desorption energies could
e calculated. This suggests that there were no strong interac-
ions between these chemicals and the MWCNTs. However,
esorption peaks were observed for acetone with both of the
WCNTs used in this study. The desorption activation energies

alculated for acetone in our system were 169.2 and 94.9 kJ/mol

or CNT1 and CNT2, respectively (Fig. 8). This indicates that
trong interactions occurred between acetone molecules and the
arbon nanotubes. Using temperature-programmed desorption
xperiments and theoretical computer simulations, Chakrapani
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t al. [20] have reported that chemisorption of acetone occurs
n carbon nanotube surface due to the effects of curvature and
opological defects of the nanotubes. They also found the pres-
nce of oxygen in their pristine carbon nanotube. The defects
re likely to be reactive to acetone molecules since chemisorp-
ion generally causes a higher adsorption enthalpy change. The
xistence of some defects in the carbon nanotubes shown in our
PS results is the most likely factor for explaining the apparent

hemisorption we observed.

. Conclusion

Four VOCs, acetone, trichloroethylene, benzene, and n-
exane, were used as chemical probes to investigate the
dsorption mechanisms of MWCNTs, CNT1 and CNT2, at room
emperature (303 K). Amorphous carbon on the exterior layers
f CNT2 was observed by electron microscopy. The adsorp-
ion coefficients of VOCs on CNT2 were larger than those
n CNT1, suggesting that the amorphous carbon on MWC-
Ts provided more sorption capacity for organic chemicals.
he sorption equilibrium coefficients of acetone on both MWC-
Ts were found to be higher than other VOC compounds. This
ay result from the strong chemical interactions of acetone
olecules to the topological defects and disorder in MWC-
Ts observed by Raman spectra. The adsorption equilibrium

oefficients of these VOC compounds decreased with increasing
emperature between 303 and 363 K, indicating that the sorption
rocess is exothermic for these four VOCs on both MWC-
Ts. Trichloroethylene, benzene, and n-hexane all performed
hysisorption on the MWCNT surface. The high sorption heats
nd desorption activation energies of acetone show that acetone
ight chemisorb on both MWCNTs. The curvature and topolog-
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