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The adsorption of sulfur hexafluoride (SFs ) on multi-walled carbon nanotubes (MWNTs) was investigated.
The properties of MWNTSs were characterized and the adsorption capacities of SF; on MWNTs at different
concentrations and temperatures were collected. HSO4/H,0, oxidation or KOH activation of MWNTSs
has effectively introduced the surface oxides and modified the microstructure without destruction of
their graphitic crystalline structure. The MWNTSs, especially the modified samples, are expected to be
promising adsorbents for SFg removals from air. The saturated capacities of SFs with a concentration of

Ié?r/t‘;';or:f;nombes 518 ppmv on the MWNTSs ranged from 278 to 497 mg/g at 25 °C. The Toth equation has been reported to
Modification fit the adsorption data better than the Freundlich or Langmuir equation. The -1 dispersion interaction

followed by the multi-layer adsorption and the electron donor-acceptor interaction were proposed to
be the major adsorption mechanisms, depending on the adsorption temperature. The isosteric heat of
adsorption, ranging from 51 to 124 kJ/mol with a loading of 30-300 mg/g, decreased with increasing SFg
loading, reflecting the energetic heterogeneity of the MWNTSs. These results suggest that the adsorption

Characterization
Sulfur hexafluoride
Adsorption

of SF¢ on MWNTSs could be associated with binding to defect sites.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Due to its low toxicity, thermal stability and high breakdown
strength, sulfur hexafluoride (SFg) is widely used in the electri-
cal industry, semiconductor, aluminum smelting and magnesium
industries, as well as medical applications [1].In addition, SFg is also
a common tracer gas for use in experiments or oceanography. But
according to the Intergovernmental Panel on Climate Change, SFg
is the most potent greenhouse gas with a global warming potential
of 23,900 times that of CO, when compared over a 100-year period
[2]. Due to the large amount produced annually and its long atmo-
spheric lifetime (~3200 years), the use of SFg has recently become
a global environmental issue.

SFg is a perfluorochemical (PFC) and there are several ways
to reduce and eliminate PFC emissions from industrial processes.
Because the process/equipment and material modifications are not
currently practical, add-on-control approaches are the most avail-
able and cost-effective methods at present. Several studies have
addressed the abatement/destruction methods such as thermal
destruction [3], catalytic decomposition [4], plasma abatement [5],
electrochemical reduction [6], photodegradation [7,8] and other
advanced or combined abatement processes [9]. However, all of
these are very costly and by-products emitted from some meth-
ods are harmful to human health and the environment [10]. The
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common techniques for recovery/recycling of SFg are cryogenic
condensation, adsorption [11], and membrane separation [12]. In
the late 1960s, a synthesized faujasite was used for SFg adsorption
[13]. However, the carbonaceous adsorbents seemed to show a bet-
ter performance for SFg adsorption [ 14]. The carbon black, activated
carbons, carbon fabric and pillared clays have been used as adsor-
bents for SFg adsorption in the literature, and the SFg uptakes of as
high as 800 mg/g of activated charcoal were observed [15-18].

Carbon nanotubes (CNTs) have attracted much attention for
materials applications due to their unique mechanical, electrical,
and gas storage properties. CNTs can be classified into single-walled
carbon nanotubes (SWNTs) and multi-walled carbon nanotubes
(MWNTs). Because of their light weight, small size, large surface
area, and hollow geometry, CNTs have been considered as alterna-
tive materials for adsorption (storage), separation processes or as
catalyst supports. These applications are highly dependent on the
surface features and the pore size distribution of CNTs. Recently,
SWNTs [19] or MWNTSs [20] have been successfully used to remove
many organic compounds from water.

The applications of gas adsorption originated with the removal
of dioxins from air by MWNTs [21]. Studies on the adsorption
of gases or vapors, such as hydrogen [22], methane [23], kryp-
ton [23,24], xenon [24], argon [25], toluene [26], methyl ethyl
ketone [26], hexane [26], cyclohexane [26], benzene [27], thio-
phene [27,28], cyclohexane [27], and pentane [28] on SWNTSs or
methane [29], butane [30], krypton [31], ethylene [31], hydrogen
[32], acetylene [33], trichloroethylene [34], benzene [34], n-hexane
[34] and acetone [34] on MWNTs, have suggested that CNTs
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may be suitable candidates as advanced adsorbents. The adsorp-
tions of volatile organic compounds (VOCs) on SWNTs [26] and
MWNTs [34] both were explored to be exothermic, namely increas-
ing the temperature decreased the adsorption capacity. But the
studies about the adsorption types and adsorption mechanisms
indicated that investigating adsorption of specific compounds on
a case by case basis is required. Agnihotri et al. [26] reported
that the adsorption of n-hexane, cyclohexane, toluene and MEK on
SWNTs was a typical physisorption. In other studies, the adsorption
of trichloroethylene, benzene and n-hexane on MWNTs behaved
physisorption [34,35], while acetone showed a chemisorption fea-
ture on MWNTSs [34].

Several modification methods have been conducted to enhance
the adsorption capacity of CNTs, especially using the chemical oxi-
dation [19] or activation [36,37] treatment. Oxidative treatments
may not always beneficially promote the adsorption of organic
compounds on CNTs [19,38]. On the other hand, activation of
CNTs usually is a promising approach for improving the adsorption
capacity. The microporous cavities on MWNTs, the defects gener-
ated by KOH activation, enhanced the attraction force for hydrogen
molecules [39]. Moreover, the hydrogen uptake of 4.47 wt% was
achieved for KOH-modified MWNTs, where the residual potassium
metal on the MWNTSs was used to enhance physisorption of hydro-
gen gas [40].

The application of CNTs for adsorption of greenhouse gases has
been investigated. For example, the CO, adsorption capacity of
SWNTs has been reported to be twice as that of activated car-
bon [41] and the amine-modified MWNTs were recommended to
be promising low-temperature adsorbents for CO, capture from
flue gas [42]. In the applications of SFg adsorption, Muris et al.
[11] reported that only one dense adsorbed layer of SFg can form
on SWNTs and graphite before bulk condensation. The main dif-
ferences of the adsorption on SWNTs with respect to the planar
graphite are the increase of the condensation pressure and the
decrease of the isosteric heat of adsorption (Qst). In addition, the
temperatures of the maximum rate of SFg desorption from the first
monolayer on the graphite and SWNTs have beenreported to be 100
and 150°C, respectively [43], and the increase of desorption tem-
perature on SWNTSs has been attributed to physisorption in higher
coordinated sites.

Although the adsorption performance of CNTs for SFg removal
seems reasonable, there is little information on the adsorption
equilibrium and thermodynamics, which is critical for evalua-
tion and design of adsorption systems. Understanding adsorptive
interactions between SFg and CNTs is of great importance to the
environmental applications of CNTs as advanced adsorbents. This
paper is concerned with the SFg adsorption on MWNTs that were
modified by acid oxidation or KOH activation. MWNTs were used
rather than SWNTs because MWNTs are less expensive. The prop-
erties of untreated or treated MWNTs were characterized, and the
adsorption capacities of SFg on all MWNTSs were collected. The Toth
equation was found to fit the equilibrium data best, compared to the
Langmuir and Freundlich equations. Then the Qs was determined.

2. Experimental
2.1. Synthesis of MWNTs

The MWNTs were synthesized by chemical vapor deposition
method through an iron catalyzed reaction in a tubular furnace sys-
tem. Benzene was used as the carbon source, and ferrocene as the
catalyst precursor. First, 0.1 g of ferrocene was vaporized in a quartz
tube at 760°C in flowing argon gas, and then benzene purged by
argon gas (200 sccm) was directed into the quartz tube. The MWNT
samples were obtained at 800°C for 1h. The pressure was main-

tained under 0.032 Torr for the whole process. The as-grown MWNT
samples were purified by soaking in benzene solution for 24 h to
eliminate carbonaceous impurities, and then treating by ultrasound
for 1h in 37 wt% HCI followed by the acid dissolution of catalyst
particles for 6 h under stirring [44]. One commercial MWNT sam-
ple (Conyuan Biochemical Technology, Taiwan) was also obtained
for comparison. The purified MWNT sample and the commercial
product were denoted as NT1 and NT2, respectively.

2.2. Modifications of MWNTs

The MWNT samples were modified by means of wet chemical
oxidation or chemical activation. A mixture of conc. H,SO4/H;,0,
(4/1 by volume) was used to oxidize the MWNTs at 60°C for 1h
[45]. After washing thoroughly with an excess of deionized water
until the filtrate reached a pH value of ca. 7, the samples were dried
at 103°C in vacuum for 24 h. To ensure the samples were com-
pletely dried, the samples were heated to 450°C at a heating rate
of 20 °C/min in a nitrogen atmosphere for 4 h. The oxidized samples
were denoted as NT1-so and NT2-so, respectively. Chemical activa-
tion with KOH was performed by an impregnation method [36,37].
The NT1 and NT2 were mixed with KOH solution at a KOH/CNT
ratio of 4. Impregnation of 6 h was followed by drying the mixtures
at 103 °C for 12 h to remove water. Then the dried mixtures were
placed in a tubular furnace and heated to 850°C in nitrogen flow
with a heating rate of 5°C/min for 1 h. After cooling, the activated
samples were washed with HCl solution (1 M) and later with deion-
ized water until the pH values of the filtrates were close to neutral.
Then the samples were dried at 103°C in vacuum for 24 h. The
activated samples were denoted as NT1-a and NT2-a, respectively.

2.3. Characterization of MWNTs

High-resolution transmission electron microscopy (HRTEM)
images of the MWNT samples were obtained by a transmis-
sion electron microscope (Philips, Tecnai G2, 200kV) which was
used to understand the interior microstructure of the MWNTs. X-
ray diffraction (XRD) patterns were taken with an X-ray powder
diffractometer (Japan MAC Science, MXP18). The radiation used
was Cu K, with a wavelength of 0.15418 nm. The 2-theta (26)
ranged from 10° to 80°, where 0 is the diffraction angle. Thermal
analysis was carried out in a thermogravimetric analyzer (Dynamic
TGA2950in TA Instrument 5100), measuring changes in the weight
of a sample as a function of temperature (thermogravimetric anal-
ysis, TGA, plot) and the rate of weight loss versus temperature
(differential thermogravimetry, DTG, plot). X-ray photoelectron
spectroscopy (XPS) was employed to determine the chemical com-
position present on the outermost surface or at the tips of the
MWNTs samples. The XPS spectra of all samples were acquired
using a spectrophotometer (VG Scientific ESCALAB 210) with a
microfocus monochromator Al K, X-ray source (hv=1486.68¢eV).
The survey scan spectra were collected at the binding energy (B.E.)
of 0-1000 eV with a step size of 1eV, in order to identify the ele-
ments present on the MWNTs. The atomic ratios were calculated
from the photoelectron peak area, using sensitivity factors accord-
ing to the transmission characteristics of the Physical Electronics
SCA.

The surface structure of MWNTSs was examined by N, adsorp-
tion/desorption isotherms measured at —196 °C, carried out using
a Micromeritics ASAP 2010 accelerated surface and porosimetry
analysis system. Samples were outgassed at 350°C overnight to
remove adsorbed contaminants prior to the measurement. The spe-
cific surface area (SSA) of all samples was calculated using the
standard Brunauer-Emmett-Teller (BET) method on eight points
of the adsorption isotherm between 0.05 < P/P, < 0.2. The total pore
volume (V;) was calculated by converting the amount adsorbed at a
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Fig. 1. HRTEM images of the MWNTSs. (a) NT1; (b) NT1-so0; (c) NT1-a; (d) NT2; (e) NT2-so and (f) NT2-a.

relative pressure of 0.99 to the volume of liquid adsorbate. Pore sys-
tems can be classified into three categories: macropore (>50 nm),
mesopore (2-50nm) and micropore (<2 nm) [46]. The micropore
surface area (S;,;) and micropore volume (Vy,;) were obtained by
the t-plot method and HK method, respectively. The pore size dis-
tribution (PSD) curves of the MWNTs in the mesopore region were
determined from the desorption branches of the isotherms using
the BJH method [47,48]. At the scope of micropores, the HK model
was used in place of the Kelvin equation [49].

2.4. SFg adsorption on MWNTs

The adsorption performance of SFg on MWNTs was determined
by batch-equilibrium adsorption experiments. The MWNT sample
(5 mg) was put into a 4-ml vial and placed in a 1-L laboratory bottle
containing the SFg with the desired concentrations. In this study,
the SFg concentrations were controlled at 65-15,000 ppmv by mix-
ing pure SFg gas supplied by cylinders with nitrogen gas, measured
by a thermal conductivity detector. The laboratory bottles then
were sealed with Teflon-lined screw caps, and put in an incubator
where the temperature was set at 5, 25, or 45 °C. The adsorption
capacities of SFg on MWNTs at distinct temperatures and con-
centrations were determined by the gravimetric approach with a
reaction time of 72 h to achieve the saturated adsorption. The time
need for saturation, as well as the quality accuracy and quality con-
trol tests were also carried out in triplicate prior the experiments.
Due to the reaction time for achieving the saturated adsorption was
at least 72 h, the reproducibility tests were conducted for only one
sample (NT2-a). The adsorption capacities of SFg with a concentra-
tion of 518 ppmv on NT2-a at different temperatures were gathered
intriplicate, and the average adsorption capacities at 5,25 and 45 °C
were 812.2 £7.9,499.7 £3.7 and 238.9 + 7.2 mg/g, respectively.

In this study, the Freundlich, Langmuir and Toth equations were
employed to fit the experimental data, and then to compare their
goodness of fit. All estimated values of model parameters were
determined by a commercial software program (KaleidaGraph).

The Langmuir and Freundlich equations are the two most com-
monly applied models [19]. The Freundlich isotherm, Eq. (1), is an
empirical equation that assumes heterogeneous adsorption due to
the diversity of adsorption sites, as follows.

e = KeC1/m (1)

where ge (mg/g) is the equilibrium-adsorbed capacity, C (ppm) is
the equilibrium gas phase concentration, K¢ [(mg/g)(1/ppm)!/"] is
the Freundlich adsorption coefficient, and n is a constant indicat-
ing the isotherm curvature. The parameter n is usually greater than
unity, and with larger values of n the adsorption isotherm becomes
more nonlinear [50]. The parameters n and Kr usually both decrease
with increasing temperature [51]. But the Freundlich equation has
its limitations. That is, it does not have a proper Henry’s law behav-
ior at low pressure and it does not have a finite limit when the
pressure is sufficiently high. In the Langmuir equation, Eq. (2),

_ GoKiC
€= 1 +K]_C

go (mg/g) is the maximum adsorption capacity, and K (1/ppm) is
the adsorption equilibrium constant. A large value of K; implies
strong bonding, i.e., large fractional surface coverage at a fixed
temperature and concentration [51].

Another empirical equation that is popularly used and satisfies
the two end limits is the Toth equation, which has the following
form:

(2)

ge= 10 3)
(b+cCt)

where b (ppm?) is the coefficient, and t is the degree of the het-
erogeneity of the adsorbent (usually less than unity) [50]. The
parameters b and t are specific for adsorbate-adsorbent pairs. Since
itis a three-parameter model, the Toth equation can describe many
adsorption data well.

The heat of adsorption is a significant property for characteriza-
tion of the type of adsorption and of the degree of heterogeneity of a
surface [51]. The Qs was calculated from the adsorption isotherms
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at different temperatures using the Clausius-Clapeyron equation,
Eq. (4),

dln P Qs
( aT ) :RT"; )

where P (N/m2) is the equilibrium-adsorbed pressure, T (K) is the
temperature, and R (=8.314 ]/mol/K) is the gas constant. The calcu-
lated Qs is sensitive to the choice of the isotherm equation [52].
For convenient use, Eq. (4) can be integrated and written as Eq. (5)

_ Qst 1
Inp=A- o (5)

where A is the constant of integration.

3. Results and discussion
3.1. HRTEM

The HRTEM images of the MWNTs samples are shown in Fig. 1. It
can be seen that the outer layers of NT1 and NT2, with diameters of
about 40 and 30 nm, have a nearly perfect graphitic layer structure
(Fig. 1a and d). Some of the catalyst particles still remained in the
ends of the tubes or in the hollow parts of the tubes (not shown
here). However, the MWNTs modified by acid oxidation or KOH
activation clearly showed morphological changes along the tube
walls or at the tips under HRTEM study. Both treatments generated
defective cylindrical graphene sheets or discontinuous graphene
stack structures [32] and led to decrease in the number of graphene
layers and the outer diameter (Fig. 1b, c, e and f). It is notewor-
thy that the KOH-activated samples had a significantly larger inner
width (Fig. 1cand f), which indicates the inner tube walls were dam-
aged by KOH in addition to the outer wall destruction. For MWNTs
with smaller outside diameters, their specific surface areas and pore
volumes are expected to be larger than those with larger outside
diameters [30].
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Fig. 2. XRD patterns of the MWNTs.

3.2. XRD

The XRD patterns of the NT1-series and NT2-series samples are
shown in Fig. 2. The strongest and sharpest diffraction peak for
all samples at around 20=26.2° could be indexed as the C(002)
reflection of graphite, and the other four characteristic diffraction
peaks of graphite at 26 of about 42.9°, 43.9°, 54.5° and 77.2° corre-
sponded to C(100),C(101),C(004) and C(110), respectively. The
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Fig. 3. Adsorption isotherms of nitrogen at —196 °C on the MWNT samples; solid lines represent the adsorption branch and dashed lines represent the desorption branch.
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Surface structure of the MWNTs determined from N, adsorption/desorption isotherms.

733

SSA(m?/g)  Spmi® (M?[g)  Sex® (M?[g) Vi (cm3[g,STP) Vi€ (cm?[g) Vi (cmP/g)  Vime (cm?/g)  Vima!(cm®/g)  Mean pore sizet (nm)
NT1 43,07 0.13 4294 9.89 0.1421 0.0122 0.0794 0.0505 13.20
NT1-so 4261 3.94 38.67 9.79 0.1470 0.0122 0.0787 0.0561 13.80
NT1-a 54.89 7.45 47.44 12.61 0.1494 0.0156 0.0842 0.0496 10.89
NT2 104.73 6.27 98.46 24.06 0.3486 0.0307 0.2117 0.1062 13.31
NT2-so  115.21 17.76 97.45 26.47 0.3764 0.0354 0.2259 0.1151 13.07
NT2-a 21821 53.95 164.26 50.13 0.6174 0.0657 0.3067 0.2450 11.32

2 Smi was determined by t-plot method.

b S.xt was obtained by subtracting Sy,; from SSA.

¢V, represents the single point total pore volume at P/P, ~0.99.
d Vi was determined by HK method.

¢ Vme was calculated by BJH method.

f Vina was found by subtracting Vime and Vp,i from V;.

& Mean pore size was obtained by 4V;/SSA.

sharpness of C(00 2) peaks indicated that the graphite structure of
the MWNTSs remained almost intact after modification. However,
the interplanar spacing (dgg2) calculated by Bragg’s law decreased
when the samples were oxidized by H,SO4/H, 0, mixture, implying
that the removal of catalyst particles narrowed the spacing between
graphitic layers. However, the dg 2 increased a little when the sam-
ples were activated by KOH, in agreement with Liu et al. [36]. It is
expected that the MWNTs were intercalated by metallic K, which
resulted in the separation and degradation of the graphene layers
and followed the development of new defects [37]. The XRD anal-
ysis also provides evidence to identify the presence of the catalyst
particles. There is one distinct diffraction peak at around 26 =44.7°
in the XRD patterns of all samples, and one more weak peak at 26
of about 65.0° was present in the XRD patterns of NT1 and NT2.
The results of energy dispersive spectroscopy (EDS) confirmed the
presence of Fe, and so the diffraction peaks at around 26 =44.7° and
65.0° were assigned to Fe(110) and Fe(200).

3.3. Surface structure

Fig. 3 shows N, adsorption/desorption isotherms of the MWNTs
at —196°C, where the amount of N, adsorbed is shown on alog scale
in the figure so that the shape of the adsorption curves at low pres-
sures can be seen more readily. It can be seen that the adsorption
isotherms were essentially between type Il and type IV of the BET

classification. Even so, there is a slightly larger amount of adsorp-
tion on the KOH-activated samples at low pressures, representing
the presence of micropores through KOH activation.

It is known that the open state of the CNTs is an essential factor
for the presence of the hysteresis loop. The existence of a clear hys-
teresis loop over P[P, >0.45 in all MWNTs implies that some tubes
had two accessible ends [29] and the MWNTs could be regarded
as mesoporous materials [53]. Based on the classification recom-
mended by IUPAC [54], the hysteresis loops of the MWNT samples
were recognized as type H3, which is characterized by slit-shaped
pores, in contrast to the results of Liu et al. [47]. It is notewor-
thy that the hysteresis loops of NT2-series samples all displayed
a contraction near P/P, ~0.8 for NT2 and NT2-so and P/P, ~0.87
for NT2-a, which was reported in our previous study [55]. The cap-
illary condensation occurring in the first section of the hysteresis
loop over P/P, =0.45-0.80 or 0.45-0.87 (~pore size of 3.7-10.5 or
3.7-16.5nm) probably implied adsorption in inner diameter of the
opened MWNTs. This assumption has been verified by the HRTEM
images, where the tubular structure was not changed very much
after oxidation, but the inner diameter was significantly enlarged
due to KOH activation. As for the hysteresis loop over P/P, of 0.8
or 0.87, it was expected to be partially caused by the aggregated
pores formed by the confined space among the entangled MWNTSs
[56]. This conclusion also can be supported by the behavior that
the desorption branch was below the adsorption branch in some
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Fig. 4. PSD curves of the MWNTs.
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Fig. 5. XPS survey scan spectra of the MWNTSs.

samples, which means the structure had changed after N, adsorp-
tion/desorption processes.

Table 1 lists the surface structure data for all MWNT samples,
where the BET model was applied to yield the adsorbed amount
of monolayer (V) and the SSA. The SSA and V; of NT2 were
approximately 2.4 times those corresponding to NT1. H,SO4/H;0,
oxidation or KOH activation has significantly increased the S,,,; and
Vi, especially for KOH activation. The percents of mesopore volume
(Vme) and macropore volume (Vp, ) for all samples ranged from 50%
to 61% and 30% to 40%, indicative of the mesoporous materials even
with modifications, though the percent of V,,,; increased to over 10%
of V; after KOH activation.

The development of porosity after modifications could be rec-
ognized from the PSD curves, shown in Fig. 4, where curves in the
mesoporous region were calculated by the BJH method and those
in the microporous region were obtained by the HK method. Pat-
terns of PSD curves for two series samples were similar, but the
differential pore volumes for NT2-series were much greater than
those for NT1-series. There were three distinct peaks in all curves,
wherein the peak at about 0.7 nm should be the small defect sites
appeared on the wall or at the opened ends of the nanotubes while
the other two peaks at around 2.6 and 3.6-3.9 nm were expected
to be the inside diameters of the nanotubes [57]. The PSD curve
over 4 nm should be the contribution from the intertubular spaces
of the aggregated MWNTs [58]. Consequently, both modifications
showed the ability for generation of new pores on nanotubes, and
KOH activation was more effective than acid oxidation.

3.4. XPS

Fig. 5 shows the XPS survey scan spectra of as-received and
treated MWNTSs, which reveals the compositions of the most exter-
nal surface of the nanotubes. The major peaks observed in the scan
spectra were due to the C1s and O1s photoelectrons. The O/C atomic
ratios derived from survey scan spectra were compared to deter-
mine the effects of various treatments. For NT1 and NT2, the O/C
ratios were 0.018 and 0.022, respectively. After oxidation with conc.

H,S04/H,0, solution, the O/C ratios increased to 0.034 and 0.031.
It is interesting that the KOH activation evidently introduced a
considerable amount of surface oxides onto the MWNTs in addi-
tion to increase in porosity, in agreement with Liu et al. [36]. The
O/C ratios of NT1-a and NT2-a were highly promoted, up to 0.167
and 0.204, respectively, both with about a ninefold enhancement
compared to the untreated samples. It is expected that the defects
formed on MWNTs during KOH activation were active to attach
oxygen-containing functional groups.

3.5. TGA-DTG

The TGA-DTG profiles measured in flowing air for all samples are
shown in Fig. 6. The temperatures of the maximum rate of weight
loss (or oxidation) for NT1, NT1-so, and NT1-a were 669.8, 649.3,
and 634.2 °C, while the corresponding NT2-series were 689.8,701.0
and 613.3 °C, respectively. As seen from the data, the maximum rate
of weight loss took place at lower temperatures as the samples
were activated by KOH, which implies that the thermal stability
of MWNTSs was destroyed because of the increase in porosity and
decrease in graphene layers. However, the effect of acid oxida-
tion was not in agreement on NT1 and NT2. It is believed that the
oxidation of H,SO4/H,0, exposed the catalysts because the outer
graphene layers were oxidized, but this oxidation was unable to
eliminate the catalysts completely. This conclusion was verified by
the TGA residue (shown in Fig. 6). Therefore, the oxidized samples
containing higher residual Fe were unstable and had a lower tem-
perature for the maximum rate of weight loss. It is noteworthy that
very high values of residue were measured on KOH-activated sam-
ples, 6.9% for NT1-a and 9.4% for NT2-a. This result was considered
to be the intercalation of metallic K within the graphene layers and
was confirmed by the EDS analysis (not shown here).

3.6. Adsorption of SFg

The experimental equilibrium data of SFg collected on all MWNT
samples at different concentrations and temperatures are shown in
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Fig. 6. TGA/DTG profiles of the MWNTs, where the samples were heated at a rate of 10°C/min in the air flow of 50 cm?/min.

Fig. 7 and Table 2. Compared to other adsorbents in the literature
[13-18],the MWNTSs should be a promising candidate as adsorbents
for SFg adsorption. It is clear that the adsorbed amount decreased
with increasing temperature, indicative of exothermic adsorption.
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Fig. 7. Adsorption isotherms of SF¢ on MWNTs at (@) 5°C, (v) 25°C and (M) 45 °C. Lines represent the model fittings of the Toth equation.
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SFg¢ is a hypervalent molecule with six bonding pairs, and the free
SFg molecule has been found to be a regular octahedron and can be
inscribed in a sphere of 0.56 nm diameter [11]. Therefore, it was
expected that most of the SFg molecules were adsorbed on the
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Adsorption capacities of SFs on the MWNTSs used in this study.

Concentration (ppmv)

Adsorption capacity (mg/g)

NT1 NT1-so NT1-a
5°C 25°C 45°C 5°C 25°C 45°C 5°C 25°C 45°C
65 451 174 21 357 86 43 496 231 67
200 541 260 83 437 150 96 627 343 125
518 711 387 174 618 278 191 799 474 254
772 795 384 246 681 367 264 986 675 322
939 904 479 254 755 409 295 1092 726 382
1376 1013 563 308 846 469 337 1445 886 450
14,863 1670 1114 525 1378 841 644 1928 1425 753
Concentration (ppmv) NT2 NT2 —so NT2-a
5°C 25°C 45°C 5°C 25°C 45°C 5°C 25°C 45°C
65 486 222 13 395 119 26 500 240 59
200 619 325 65 465 181 85 647 373 106
518 777 450 157 636 323 181 812 497 237
772 863 496 215 788 454 268 1069 718 358
939 968 573 245 846 483 280 1213 749 405
1376 998 633 290 859 559 322 1346 860 411
14,863 1837 1163 507 1430 1079 675 2150 1383 783

external surface of the MWNTs and only a small fraction of the SFg
molecule condensed in the pores because the latter process would
take longer [30].

Table 3 lists the isotherm parameters derived from the Lang-
muir, Freundlich and Toth equations for the data of SFg adsorbed
on all MWNT samples. The R-square (R?) values were used to mea-
sure how successful the fit was in explaining variations of the data.
Comparing the model fittings of the Langmuir equation with the
Freundlich equation, it is clear that the Freundlich equation was
more suitable to describe the SFg adsorption on MWNTSs at lower
temperature (5°C) and the system where the MWNTSs had fewer
surface functional groups. On the other hand, the Langmuir equa-
tion fitted the experimental data much better than the Freundlich
model when adsorption occurred at 45°C and the system where
the MWNTs had more surface functional groups.

As can be seen from Table 3, the Toth equation had the best fit
for all of the isotherms, supported by the high R? values between
0.948 and 0.997, despite the fact that the Langmuir and Freundlich
equations are more widely used. Consequently, the Toth equation
was suggested to describe the adsorption data in this study and

the model fittings are also presented in Fig. 7. The Toth model is a
three-parameter equation, so this model could provide more infor-
mation about the adsorption system. When the parameter t is unity,
the Toth equation reduces to the Langmuir equation, and when it
deviates further from unity, the system is said to be more hetero-
geneous [50]. Accordingly, all isotherms at 5 °C were deviated from
the Langmuir type because the t values ranged from 0.094 to 0.253,
with the order NT<NT-so <NT-a for both series. This implies the
multi-layer adsorptions at lower temperatures. At room tempera-
ture (25°C), NT1 and NT2 were much more heterogeneous than the
other samples, and the t values followed the order NT « NT-a < NT-
so. This indicates that the existence of surface oxides would prompt
the adsorption phenomenon toward the monolayer adsorption at
room temperatures. However, the formation of new pores could
conflict with this action. Under 45 °C, all isotherms were close to
the Langmuir type because the t values approached unity very well,
following the order NT-so<NT-a<NT< 1. This indicates that the
monolayer adsorption was predominant at higher temperatures.
This finding coincided very well with the previous discussion. That
is, the experimental data can be fitted well by a Langmuir equation

Table 3
Coefficients of the model fittings for adsorption of SF¢ on MWNTs at different temperatures (T).
Sample T(°C) Langmuir Freundlich Toth
4o (mgfg) Ki (10-*/ppm) R Kr ((mg/g)(1/ppm)'™) n  R? o (mgfg) b(ppm') ¢ R? InH (mg/g/ppm) Qg (kJ/mol)

NT1 5 1661.0 14.6 0.849 161.7 41 0989 20,991.0 0.67 0.094 0991 14.27 271.6
25 11914 7.6 0.942 49.3 3.1 0991 13,779.0 132 0.129 0.993 7.37
45 565.0 8.9 0.998 24.2 3.1 0914 581.8 468.98 0.888 0.997 -0.56

NT1-so 5 1366.1 15.4 0.874 1375 41 0.987 37239 143 0.197 0.994 6.41 119.9
25 899.8 8.7 0.994 403 3.1 0952 1093.8 41.38 0.580 0.996 0.57
45 698.9 7.5 0.997 24.0 29 0.952 850.2 5825 0.602 0.997 -0.01

NT1-a 5 1968.4 16.2 0.895 2119 43 0916 2975.7 4.10 0341 0.948 3.86 70.8
25 1501.6 10.6 0.970 93.3 3.5 0949 1962.6 16.64 0481 0.984 1.74
45 808.2 9.1 0.998 374 32 0.929 870.3 175.90 0.765 0.997 0.01

NT2 5 1809.9 13.8 0.808 167.2 40 0997 19,597.0 0.72 0.101 0994 13.07 256.4
25 1197.9 10.5 0.919 774 3.5 0993 2678.3 282 0256 0.995 3.84
45 551.3 8.0 0.997 19.8 29 0913 553.0 1113.00 0986 0.997 -0.80

NT2-so 5 1394.9 17.7 0.859 159.5 4.3 0976 4304.0 113 0.174 0.986 7.69 153.6
25 1164.0 7.6 0.989 437 3.0 0.967 1493.1 35.51 0.543 0.996 0.74
45 744.5 6.3 0.996 19.1 2.7 0.957 797.6 358.69 0.813 0.996 -0.56

NT2-a 5 2190.0 13.6 0914 1924 39 0964 4571.7 236 0253 0.980 5.03 97.4
25 1431.0 12.4 0.962 107.3 3.7 0.948 1936.6 10.82 0.440 0.986 2.16
45 842.8 8.4 0.988 33.7 3.0 0.925 860.3 646.99 0.922 0.988 -0.27
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when t was greater than 0.4. As t was less than 0.4, the Freundlich-
type isotherms would be more acceptable. Based on the above
discussion, in addition to the adsorbents, the adsorption temper-
ature seemed to have much more influence on the parameter t. It
can be seen that the t values for NT1 and NT2 changed substan-
tially as the temperature increased from 5 to 45 °C. However, the
temperature effect was moderated on treated samples. This result
indicates that the modification of MWNTSs should be necessary for
their applications since they can then be more widely suitable for
use.

The fitted parameter g, is unusually large at 5 and 25°C for
untreated samples, reflecting the Freundlich-type character. The
adsorption at 5°C indicated that the surface oxides on the tube
walls were expected to create polar region, reducing the surface
area available for adsorption [59]. Accordingly, the -1 dispersion
interaction followed by multi-layer adsorption could be the main
adsorption mechanisms at 5°C. When the temperature increased,
in addition to the -7 dispersion interaction, the surface oxides
may be active to affect the adsorption affinity of SFg onto MWNTSs.
SFg is a nonpolar molecule, which can act as an electron accep-
tor [60] when interacting with the MWNTSs containing structures
with electron donors such as surface oxides. Referring to the fitted
parameters, the electron donor-acceptor interaction mechanism
was expected to function at 25 °C. Moreover, this mechanism took
over to control the adsorption system at 45 °C.

The Henry’s law constant (H) for the Toth equation shown in Eq.
(6) can be used to estimate the isosteric heat of adsorption at zero

loading (Q%).
H=qob™ /! (6)

The Qg is often used as a parameter to characterize adsorption
energetics. By plotting In(H) against 1/T, the Q3 is derived from
the slope. The H value for each system is also listed in Table 3.
All Q5 were in the range of 70-272k]J/mol, which is significantly
higher than the values reported for physical adsorption of VOCs
by conventional carbon materials. A high Q3 value of 41.5 k]J/mol
was also reported for the case of SFg adsorption on a molecular
sieving carbon [16]. The interactions between a graphitic carbon
surface and an adsorbed molecule would increase as the surface
becomes highly curved [30]. For both series of samples, the val-
ues of QF followed the order NT-a<NT-so<NT. The decrease in
wall number may be one of the reasons that KOH-activated sam-
ples had the lowest Q3. Moreover, this result also indicates that
although the surface oxides on KOH-activated samples could derive
the electron donor-acceptor interactions, their space obstacles mit-
igated the adsorption affinity for SFg due to its large molecule size.
Consequently, NT1 and NT2, which preserved a prefect graphene
structure, presented a stronger adsorption affinity for SFg.

The nature and degree of heterogeneity of the adsorbent
very strongly influenced the isosteric heats of adsorbates [61].
The Qs¢ at other surface loadings were calculated using the
Clausius-Clapeyron equation (Eq. (5)) with the fitted Toth
isotherms, which were plotted in Fig. 8a. As seen from this figure,
the value of Qs; decreased as surface loading increased. If the Qs was
plotted against the amount adsorbed shown on a log scale (Fig. 8b),
good linearity of the plot was observed. The dependence of the Qst
values on loading is an indication that the MWNTSs exhibited signif-
icant energetic heterogeneity and the adsorption of SFg molecules
occurred on different adsorption sites. Initial high Qs values were
due to adsorption on the highest energy sites; when these became
saturated adsorption proceeded to sites of lower adsorption energy
which corresponded to a decrease in Qs [17]. The variation of Qs
versus the loading was similar to those published in the litera-
ture with carbonaceous materials as adsorbents for SFg adsorption
[14-16], though the values of Qs in this study were much higher
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Fig. 8. Isosteric heat of adsorption as a function of the amount of SFs adsorbed on
MWNT samples.

than those of conventional physisorption. Similar high levels of
Qs were also observed in VOCs adsorption on SWNTSs [26], where
increasing the dipole moments of VOCs decreased the Qs: values.
When comparing results at a loading of 50 mg/g, the Qs of hexane
on SWNTs (256.3 kJ/mol) [26] was more than twice the values pre-
sented in this study. This finding suggests that the SFg adsorption
on MWNTSs was associated with binding to defect sites [43].

4. Conclusions

Both acid oxidation and KOH activation of the MWNTSs generated
defective cylindrical graphene structure, eliminated the catalyst
particles, modified the interplanar spacing, introduced the surface
oxides, and decreased the number of graphene layers, especially for
the KOH-activated samples. These modifications made the MWNTs
more active. The PSD curves of the MWNTs were three-modal, indi-
cating the defect sites and the inside diameters of the nanotubes.
The adsorption of SF; on MWNTs was exothermic reactions and
showed a well-behaved chemisorption. The Toth equation fitted
the adsorption data better than the Freundlich and Langmuir equa-
tions. At low adsorption temperatures, the MWNTs were more
heterogeneous and the -7 dispersion interaction followed by
the multi-layer adsorption was the major adsorption mechanisms.
The electron donor-acceptor interaction was expected to function
at room temperature, and this mechanism took over to control
the adsorption system at 45 °C because the samples became more
homogeneous and the monolayer adsorption was predominant.
The values of the isosteric heat of adsorption at zero loading were
influenced by the number of wall layers and the surface oxides.
Moreover, the value of isosteric heat of adsorption decreased as sur-
faceloading increased, and a good linear relationship was observed.
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In this study, the modification of MWNTs is suggested for their
application and the MWNTs have been proven to be excellent
adsorbents for the removal of SFg from air.
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