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Published online: 23 July 2019 DFT-D3 calculations were carried out to investigate interaction of H,S and CH, between numerous

functionalized CNTs (f-CNTs), including hydroxyl, carboxyl, and cyclodextrin groups as potential
candidates for selective adsorption and elimination of toxic pollutants. It was found that pristine CNTs
as well as nanotube surface of functionalized CNTs cannot stably adsorb the H,S molecule (adsorption
energy of —0.17 eV). However, H,S adsorption was significantly enhanced with different magnitudes
upon the functionalization of CNT. For f-CNTs, H,S adsorption was accompanied by releasing energies in
the range between —0.34 to —0.54 eV where the upper limit of this range belongs to the cyclodextrin-
functionalized CNT (CD-CNT) as the consequence of the existence of both dispersion and electrostatic
interactions between the adsorbate and substrate. Findings also demonstrated a significantly weaker
interaction between CH, and CD-CNT in comparison to the H,S molecule with adsorption energy

of —0.14eV. Electronic properties of the selected substrates revealed no significant changes in the
inherent electronic properties of the CNTs after functionalizing and adsorbing the gas molecules.
Moreover, DFTB-MD simulation demonstrated high adsorption capacity as well as CD-CNT ability for
H,S molecules against the CH, one under ambient condition.

Since one of the most important ongoing threats facing the human community is the growing concern of envi-
ronmental pollution, which affects the lives of millions of people all around the world and requires immediate
strategies to alleviate their hazardous effects on the civilization. Every day, tons of hazardous materials in the form
of noxious greenhouse gases, as well as highly toxic fumes of industrial processes are directly discharged into the
atmosphere especially in developing countries, which could have catastrophic consequences for habitability of
our planet. For these reasons, monitoring and eliminating these toxic materials are of crucial importance over
the years, and the challenge for their efficient removal and designing effective and novel adsorbent materials
have been recently attracted by many researchers'~. There is a close relationship between these issues and the
emergence of nanostructures of various forms, such as nanotubes, nanowires, and hexagonal structures, which
intrigued the scientists to incorporate their extraordinary properties into the fabrication of novel hybrid materials
that exhibit exclusive capabilities in different fields®=°. Excellent physical and chemical properties of carbon nano-
structures have drawn a great deal of attention to the invention of efficient materials, which show combined prop-
erties of high mechanical stability in addition to the specific tendency toward different molecules'*~'2. Chemical
and electronic properties of the carbon nanostructures can be easily tailored by introducing additional chemical
moieties via covalent and non-covalent functionalization, which in turn extends the scope of their application
spectrum'~1%. Several types of carbon nanostructures, such as graphene-like structures, fullerenes, and carbon
nanotubes (CNTs), which are the rolled form of graphene, have been invented and possible use of these materials
in the field of environmental science and engineering has been extensively explored!®-!%. In this regard, CNTs
gained increasing popularity as a relatively new adsorbent for sensing and removing various organic and inor-
ganic gaseous pollutants because of their highly porous and hollow structures and existence of strong chemical
affinity between the CNTs and guest molecules. The utilization of CNTs as the gas sensor goes back to the pio-
neering work of Kong et al.’®, which explored the electrical resistance of semiconducting single-walled carbon
nanotubes upon the exposure of gaseous molecules, such as NO, and NH; They found out that the CNT-based
sensors exhibit substantially higher sensitivity in comparison to the other existing solid-state gas sensors at room
temperature'®. Moreover, the CNTs capability as an adsorbent for hazardous materials was assessed in several
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experimental studies, which investigated the adsorption of a variety of small molecules, organic pollutants,
and metal ions on various forms of CNTS, including closed and open-ended single or multi-walled CNTs?0-%,
According to the experimental studies, the CNTs tend to form bundle or arrays because of the existence of strong
van der Waals (vdW) interactions between their surfaces*’. This process will provide additional surface areas for
physical adsorption of the guest molecules, as well as adsorption capabilities of the CNTs. The chemical mod-
ification of CNTs can also be taken into consideration for enhancing their chemical properties through direct
attachment of functional groups to the terminal edges of the graphitic surface, chemical doping of impurities
or the use of nanotube-bound carboxylic acids?>-?. These different functionalization categories may introduce
different chemical and electronic properties to the modified CNTs, which eventually enhances their adsorption
selectivity and capacity. Consequently, a wide range of oligomeric and polymeric compounds have been used for
functionalizing CNTs, which paved the way toward the development of unique CNT-based hybrid devices with
diverse potential applications?*-*!. However, the complex nature of the experimental works, as well as the high
cost and time required for conducting such experiments hinder a thorough analysis of the behavior and prop-
erties of different CNT-based hybrid materials, so that the needs for a precise determination of the underlying
phenomena in CNT-based adsorbents cannot be adequately satisfied. In this regard, computational methods at
quantum chemical level have been proven as an invaluable tool, which can overcome much of the constraints
of experimental works and can successfully provide detailed information about fundamental aspects of physi-
cal and chemical properties of materials®>*%. Numerous theoretical research works exist in the literature, which
took advantage of computational methods and explored the potential of various materials in order to protect
environment*~. In a pioneering work of Zhao et al., adsorption of several gas molecules was investigated on
single-walled CNT and CNT bundles*’. It was found that the gas molecules adsorbed weakly to the SWCNTs,
while the interaction was stronger with regard to the nanotube bundles. In another interesting study conducted
on this topic, a combined experimental and theoretical work was done by Santucci ef al. on CNT-based systems
for CO and NO, sensing applications*?. The researchers observed that both gas molecules adsorbed weakly to the
CNT with almost no charge transfer between the tube and molecules. Findings showed that the CNT exhibits
semiconducting like temperature dependence and a p-type response upon the exposure to the NO,, while no
response was found for the CO gas. As most of the theoretical and experimental works in literature are concerned
with the pristine CNT for adsorbing gas molecules, the literature lacks a detailed exploration about the possible
use of functionalized CNTs (f-CNTs) as an adsorbent for toxic gases. Thus, it is of high importance to conduct a
thorough analysis regarding the potential of these substrates in environmental applications. This issue has been
addressed in this theoretical study and its results are hoped to accelerate developments toward designing novel
and selective f-CNT nanomaterials for eliminating toxic gases. The following sections present further information
regarding computational procedure and the obtained results.

Computational Method

All-electron DFT calculations were carried out using the ORCA quantum chemistry software version 4.0.1
within the generalized gradient approximation (GGA) framework*~*°. The exchange-correlation functional
were selected as the revised version of Perdew-Burke-Ernzerhof functional (so-called revPBE) coupled with the
third version of Grimme’s atomic pair-wise dispersion correction combined with Becke-Johnson damping, which
accounts for the long-range dispersion interactions in an empirical fashion*®-*. Selecting this computational
method, which is called revPBE-D3B]J, has exhibited the best performance and accuracy in Grimme’s GMTKN30
benchmark set for studying the reaction energies and non-covalent interactions*. The geometries were optimized
by Ahlrichs split-valence def2-SVP basis set and subjected to a basis set superposition error (BSSE) corrected sin-
gle point energy calculation using the def2-TZVP basis set™. The coulomb part was integrated by the resolution
of identity (RI) approximation utilizing the def2-TZVP/J auxiliary basis set>">2. All geometries were optimized
to meet NormalOpt criteria in ORCA conventions, and convergence criteria for the SCF calculations were set to
VeryTightSCF in order to reduce numerical noises. The adsorption energy values were calculated by the following
equation as the total energy difference between the final state and initial states:

Eads = Ecomplex - (Esubstrate + Eadsorbate) - EBSSE (1)

where the incorporated terms respectively denote to total energies of the gas-nanotube complexes, substrates
(individual nanotubes), and adsorbate (individual gases). Eggg; accounts for the introduced error in energy cal-
culations as the consequence of basis-set incompleteness, which is eliminated by counterpoise method in this
study®.

Molecular dynamics simulation based on the density functional tight binding (DFTB-MD) was carried out
by DFTB+ code®. DFTB method employs a second-order expansion of the Kohn-Sham total energy in DFT
with respect to the charge density fluctuations. The second-order approach is equivalent to a common standard
self-consistent charge (SCC) scheme, which is a transparent, parameter-free, and readily computable expression
for the generalized Hamiltonian matrix elements. It utilizes a tabulated set of integrals derived from ab initio DFT
calculations®, which leads to a considerable acceleration of the calculation procedure. Further details about the
method were found elsewhere® 7. We used the Slater-Koster (S-K) type parameters®® for systems under study. In
addition, the dispersion corrections for non-bonding vdW interactions, which influence stability of the systems
under investigation, were considered by the Slater-Kirkwood type model®.

We evaluated the adsorption capability of the f-CNTs system with DFTB-MD simulation. The canonical
regime was considered, in which thermodynamical system under consideration was described by the number of
particles N, volume V, and temperature T as variables. The MD time step was set to 1.0 fs and the whole system
was in contact with Andersen thermostat®® having temperature 300 K.
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Figure 1. Schematic representation of (a) the optimized structure of CNT, (b) parallel and (c) perpendicular
initial configurations of the H,S molecule onto the CNT. Optimized structures of the H,S molecule above the
surface of pristine CNT (d) with and (e) without the inclusion of long-range dispersion forces. Atom color code:
grey: carbon; white: hydrogen; yellow: sulfur.

Results and Discussion

Interaction of H2S and CH4 with pristine CNT.  We first investigated adsorption of H,S molecule onto
the surface of pristine CNT in order to explore the strength of interactions between these molecules and clarify
whether this substrate can effectively capture and eliminate this toxic gas. Following this aim, we selected an
armchair (4, 4) CNT composing of 80 carbon atoms and terminated their edge carbons by hydrogen atoms in
order to eliminate the dangling bond effect. Figure 1 illustrates the optimized structure of the employed CNT
model. According to this picture, the average bond distance between the two adjacent carbon atoms is about
1.44 A, which is consistent with the experimentally measured bond distance of the CNT and the results of other
theoretical works®"¢2. To explore the most stable adsorption configuration of the H,S molecule above the surface
of CNT, two initial configurations were constructed and subjected to full structural optimization procedure in
order to evaluate their relative stability by calculating the adsorption energies. Considering the fact that the H,S
molecule has two active sites that might potentially interact with the w-extended surface of the CNT, one can
conclude that the only possible orientation of the H,S would be the case that hydrogen atoms of the molecule
approach the surface of the CNT. This is mainly caused by the fact that the H,S molecule is a polar gas and their
hydrogen atoms are partially positively charged due to the electronegative nature of the S atom. Hence, this pos-
itively charged end of the molecule is more prone to establish electrostatic attraction with the = electrons of the
CNT in comparison to the negatively charged S atom. Consequently, initial configurations were constructed in a
way that molecular axis of the H,S molecule, which we defined here as an imaginary axis connecting two adjacent
hydrogen atoms, is parallel or perpendicular with respect to the nanotube axis. Figure 1 depicts schematic rep-
resentation of the constructed configuration. After performing a full structural optimization for the considered
configurations, it was found that the H,S molecule prefers interacting with the CNT surface in parallel orientation
by releasing the energy of about —0.17 eV (—3.92 kcal/mol), which is considerably weak and can be regarded as a
weak physisorption. According to the optimized structure of the most stable complex as shown in Fig. 1d, the H,S
molecule oriented above the surface of CNT in a way that its hydrogen atoms approach to the neighboring carbon
atoms of the CNT with the average distance of about 2.7 A, which is within the range of bonding distances in
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non-covalent interactions®. This can be further improved by considering the bond lengths of the H,S molecule,
which remained almost fixed with respect to the corresponding values for the isolated H,S. To provide a clear
picture of the nature of the interactions between the involved molecules, we explored the impact of dispersion
forces on the overall interaction between the H,S and CNT. It was shown that these forces are extremely impor-
tant in providing accurate geometries and adsorption energies especially in non-covalent interactions involving
m-extended surfaces, which interact with various molecules. For this end, we selected the starting configuration
that resulted in the energetically most stable complex. Then, we carried out a full structural optimization but
without inclusion of dispersion interaction and evaluated the strength of the interaction between the involved
molecules by calculating the adsorption energy and bonding distance. Figure 1e shows the optimized structure of
the complex in the absence of dispersion forces and highlights the fact that the H,S molecule has been located far
from the surface of CNT in comparison to the previously obtained distance. In addition, the adsorption energy
of the H,S molecule was calculated to be about —0.01 eV (—0.231 kcal/mol), which is considerably different from
the one obtained from the inclusion of dispersion interactions and corroborates the importance of these forces
for achieving reliable geometries and adsorption energies. Hence, we could conclude that the interaction between
H,S and CNT is of physical nature, which is totally governed by long range dispersion forces. Similar results
were also reported in various theoretical works involving pristine CNT and different toxic molecules®®*. More
detailed information about the interaction nature can be obtained by calculating the transferred charge between
the involved molecules after the adsorption process. Therefore, the Hirshfeld analysis was carried out, which has
been reported in several theoretical works to be a reliable choice and provide more accurate results in compari-
son to the other available methods®. With regard to the results of Hirshfeld analysis, it was found that upon the
attachment of H,S onto the surface of pristine CNT, small charge of about 0.03 e was transferred between the
involved fragments. This negligible charge transfer is within the domain of weak vdW governed interactions and
signifies the existence of weak physical interactions between H,S and CNT. This is totally in line with the results
of total electron density map of the complex system as shown in Fig. 2a, indicating that uniform distribution of
the electron density did not alter upon the interaction between the involved molecules and there is no evidence of
electron overlap in the region of H,S adsorption.

Moreover, electronic properties of the complex system were taken into consideration by visualizing the elec-
tron densities, which corresponded to the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), and calculating the energy gaps. It has been well understood that the conventional
DFT cannot accurately describe the energy gaps; however, as demonstrated by the results of numerous theoretical
works, the calculated values serve as a very helpful estimate to describe the overall trend of the system and provide
accurate comparative investigations for various molecular complexes. Review of the literature showed that the (4,
4) CNT is metallic with zero energy gap; however, as the incorporated model in this work is a capped CNT, which
is not periodic, the energy gap was calculated to be about 0.40 eV, which shows a semiconductor. After attaching
the H,S molecule, the energy gap was calculated to be about 0.39 eV, which is almost the same as that for CNT,
and shows that the substrate retained its inherent electronic properties after the adsorption process. Furthermore,
visualization of the HOMO and LUMO electron densities, which is depicted in Fig. 2(b,c), shows that both the
HOMO and the LUMO electron densities are totally distributed over the surface of CNT, while the H,S molecule
has no contribution to the mentioned orbitals. This further represents the fact that the pristine CNT has almost
a complete contribution to define overall electronic properties of the complex system, and attachment of H,S
molecule has not any notable influence on modifying the CNT nature. These results are in line with the results
reported by other theoretical works, which described changes in the electronic properties of w-extended surfaces
upon the attachment of gases and biological molecules®’-%.

We now explore the interaction between CH, and pristine CNT as competitor of H,S in gasses mixture.
Similar modeling and optimization procedures have been performed for adsorbed CH, molecule onto the CNT
surface. Our DFT-D3 results showed that methane molecule was attached to the pristine CNT surface above
the C—C bond perpendicular to the tube axis, with adsorption energy and equilibrium distance of —0.10eV
(—2.31kcal/mol) and 3.07 A (see Fig. 2d), respectively. These adsorption parameters demonstrate a non-covalent
bonding nature, which is typical for weak physisorption. Furthermore, the adsorption of pristine CNT in H,S
capturing is found to be higher than that of CH, one, though the adsorption strength is weak.

Interaction of H2S with functionalized CNT.  As mentioned in previous section, since the adsorption
strength is not sufficiently high to bind H,S to the surface of the carbonic substrate, the pristine CNT cannot
effectively capture and eliminate the H,S molecule. Therefore, other techniques should be considered to enhance
adsorption of the molecule while taking advantage of the excellent physical and chemical properties of the CNT.
In this section, we aim at delivering a detailed analysis about the capability of the f-CNTs to capture the H,S mole-
cule and investigate how and to what extent the addition of various functional groups on the terminal edges of the
CNT may enhance capability of this chemically modified substrate for eliminating toxic gases. Thus, we selected
three different chemical moieties; that is, hydroxyl, carboxyl, and alpha-cyclodextrin (CD) functional groups,
and attached them to the terminal edges of the CNT by removing one hydrogen atom from the tube rim. Figure 3
depicts the optimized structures of these edge-f-CNTs. With regard to these optimized structures in all cases,
lengths of the formed bonds between the involved entities are within the range of the covalent bond as the bond
lengths are less than the sum of the covalent radii of the involved atoms. This confirms the fact that the introduced
functional groups were perfectly stabilized on the CNT. After the attachment of the mentioned functional groups
to the tube rim, interaction of H,S and these f-CNTs was investigated. Considering the existence of polar bonds
and electronegative atoms within the structure of the considered functional groups, as well as the polar nature
of the adsorbate, attachment of the mentioned functional groups would alter the CNT electron distribution
and introduced some polar nature to the functionalized tube. This alteration in turn should change interactions
between the H,S molecule and the CNT. To assess the extent of this change and gain a better understanding about
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Figure 2. (a) Total electron density map of the most stable adsorption pattern for the H,S molecule above the
CNT. (b) HOMO and (c) LUMO electron densities of the H,S/CNT complex. (d) Optimized structure of the
CH, molecule onto the surface of pristine CNT with DFT-D3. Atom color code: red: oxygen; white: hydrogen;
yellow: sulfur; brown: carbon for (a—c) and grey: carbon for (d).

the type of the interactions, several starting configurations were constructed for the H,S molecule approaching
the functionalized side of the CNT in a way that the positive ends of the H,S molecule approached the negative
ends of the functional groups and vice versa. For the cyclodextrin functional group, the H,S molecule was initially
placed both inside and outside the ring in various possible orientations based on the mentioned procedure. The
rationale behind using the mentioned approach regarding the construction of initial configurations lies in the fact
that the attached chemical groups would provide the capability to the CNT to interact with the guest molecules
through electrostatic attractions in addition to the dispersion interactions. Consequently, among all of the possi-
ble orientations, only those ones for the H,S molecule were considered, which were more prone to establish elec-
trostatic attraction with the f-CNT and excluded the rest from further investigations for the sake of computational
costs. After constructing the starting configuration, we carried out a full structural optimization similar to the
previous section for the complex systems and evaluated their stability by calculating the adsorption energies and
equilibrium distances. Figure 3(d-g) shows the optimized structures of the energetically most stable complexes.
After a full structural optimization, it was found that the H,S molecule was adsorbed onto the f-CNTs upon the
functional groups with the adsorption energy of about —0.363 and —0.486 eV for the hydroxyl (OH-CNT), and
carboxyl (COOH-CNT) systems, respectively. In the case of cyclodextrin functionalized CNT (CD-CNT), the
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Figure 3. (a—c) Optimized structures of the cyclodextrin, carboxyl and hydroxyl functionalized CNTs,
respectively. (d-g) Optimized structures of the H,S molecule interacting with cyclodextrin ((d) into the cavity
and (e) onto the outer side wall), carboxyl and hydroxyl functionalized CNTs, respectively. Atom color code:
grey: carbon; red: oxygen; white: hydrogen; yellow: sulfur.

calculated adsorption energy was determined to be about —0.544 and —0.394 eV for the adsorbed H,S molecule
into/onto the cavity/outer site of cyclodextrin entity. It can be seen in all the cases that the amount of the calcu-
lated adsorption energies is about two times higher than that of the one obtained for pristine CNT, and shows that
stronger interaction took place between the involved molecules. However, despite the observed enhancements,
the magnitude of the adsorption energies is still within the range of physisorption but this time it is considerably
stronger than the previously obtained value. This enhancement in the adsorption energy can effectively improve
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the H,S adsorption capability of the CNT and also restrict movement of the adsorbed H,S above the surface of
substrate, which serve as a crucial criterion for an effective and applicable adsorbent. Moreover, the magnitude
of the adsorption energies is in the way that it can easily assist desorption of adsorbate, which asserts feasibility
of the f-CNTs as proper candidates for long term usage. Taking a closer look at the optimized structures reveals
important facts about the magnitude of the adsorption energies. This, to some degree, justifies lower level of
adsorption energy of H,S onto the OH-CNT and COOH-CNT in comparison to that into the cavity of cyclodex-
trin for the CD-CNT system. For the hydroxyl and carboxyl ones, the optimized structures of the complex system
are such that the H,S molecule not only approaches the functionalized ends of the CNTs through hydrogen
bonding, but there is also some dispersion as well as electrostatic forces involved in the total interaction. The same
result can also be applied for the optimized structure of the H,S molecule within the ring of cyclodextrin group as
the H,S molecule is surrounded by a large number of atoms in its vicinity, which increases dispersion interactions
magnitude and hence enhances total adsorption energy. These results can be quantitatively seen by calculating the
contribution of dispersion interactions to the considered complexes where the adsorption energies in the absence
of dispersion forces were calculated to be about —0.10 and —0.02 eV for the COOH-CNT and OH-CNT, respec-
tively, while this value dropped to +-0.05 €V for the incorporated H,S molecule into the cyclodextrin in CD-CNT.
The calculated values reveal the importance of dispersion forces together with the electrostatic interactions in
stabilizing the adsorbate molecule on the f-CNTs and clearly illustrate that the magnitude of the dispersion inter-
actions is directly proportional to the size, mass, and surface area between the interacting molecules.

To gain a deeper insight of the interactions nature, we plotted the total electron density maps of the considered
complexes (Fig. 4). According to the figure, the electron cloud for all the complexes is uniformly distributed over
the individual molecules and there is no evidence in the electron overlap between the contributing entities. This
finding is consistent with the results of charge transfer analysis, which informs the transfer of 0.05 to 0.07 e from
the H,S to the f-CNTs. Isosurface plots of HOMO and LUMO electron densities were calculated and represented
in Fig. 4(d-f). Similar to the situation for pristine CNT, the majority of both the HOMO and the LUMO orbitals
were distributed over the f-CNTs, and the H,S molecule had no contribution to the HOMO and LUMO orbitals
of the complex systems. This also resembles the existence of physical interactions between the considered mol-
ecules since we could not find any overlaps between the corresponding orbitals of the constituting fragments in
the complex system that is in line with the results reported by various theoretical works as well as the magnitude
of the calculated adsorption energies and transferred charges. Electronic properties of the systems were also
taken into consideration in terms of HOMO-LUMO energy gap. The results suggested that intrinsic electronic
properties of the f-CNTs remained unaltered after adsorption of H,S molecule. Indeed, for all the considered
functionalized CNTs, the calculated HOMO-LUMO gap ranged between 0.38 eV to 0.4 eV, which indicates that
the CNTs retained their original semi-conducting nature upon the attachment of functional groups as well as the
H,S molecule, and functionalization process could not introduce any improvement to the pristine CNT to be
potentially useful in sensing applications.

For comparison, we have also evaluated the adsorption ability of tube surface of f-CNTs in H,S adsorption.
After full structural optimization of modeled systems, the calculated adsorption energies revealed that H,S
bounds weakly to the surface of f-CNTs while the adsorption strength is as magnitude as of the pristine CNT
(—0.17, —0.16 and —0.17 eV for OH-CNT, COOH-CNT and CD-CNT systems, respectively). Figure 5 demon-
strates the optimized structures of adsorbed H,S onto the nanotube surface of f-CNT systems with DFT-D3 level
of theory. These results indicated that functional groups have significant role in the H,S adsorption and their
coverage on the CNTs can affect the adsorption capacity of considered adsorbents. It should be noted that CNTs
may be functionalized by several groups at the open/end of nanotube (the present work) as well onto the tube sur-
face as demonstrated in Fig. 5d (suggested study for the future works). A less adsorption energy of COOH-CNT
system may be attributed to the electron affinity of carboxyl group and hence, inferior electron accommodation
on the CNT surface compared to the pristine CNT and OH-CNT systems.

Interaction of CH4 with functionalized CNT. By considering the CD-CNT as the most effective substrate
for eliminating H,S molecule either for adsorption strength or several potential active sites, we planned to study
the comparative adsorption of CH, molecule with respect to the H,S using this substrate in order to simply check
whether the CD-CNT can selectively separate a mixture of CH, and H,S gases and also explore the extent and
nature of the interactions between CH, and this substrate. Then, we constructed several initial configurations for
the methane molecule approaching various potential adsorption sites of the cyclodextrin and CNT, including
inside and outside the cyclodextrin ring and surface of the CNT in various positions. Afterwards, a complete
structural optimization was carried out for the considered adsorption configurations. The relative energetic sta-
bilities of the considered structures were evaluated by the adsorption energy calculations, and the most stable
adsorption pattern was found to be the methane molecule placed inside the cyclodextrin ring (Fig. 6a). The
BSSE-corrected adsorption energy was calculated to be about —0.14 eV, which is about 2.5 times smaller than
that of the most stable pattern of H,S, and shows that the methane adsorption strength is much weaker than
the adsorption strength of H,S molecule. Meanwhile, the energetically favorable state for the CH, molecule was
adsorbed onto the outer site of the cyclodextrin (Fig. 6b) accompanied with release of about —0.076 eV energy
that indicates a poor adsorption ability of the outer sidewall of CD-CNT in methane capture. Comparison of
the adsorption energies revealed that this functionalized substrate exhibits different affinity toward different gas
molecules, which mainly stems from the differences in chemical properties of the interacting gases. Being a highly
polar molecule, adsorption of H,S gas is mainly dominated by electrostatic interactions as the consequence of
the existence of polar bonds and electronegative centers within the structure of cyclodextrin; however, the CH,
molecule does not show any polar nature, and interactions between methane and cyclodextrin is almost purely
dispersion-governed. This is partially evident from the average distance of CH, with respect to the inner/outer site
of cyclodextrin after the adsorption process, which is 2.65/2.64 A and is typical for a weak physisorption.
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Figure 4. Total electron density maps of the (a) cyclodextrin (b) carboxyl and (c) hydroxyl functionalized
CNTs interacting with the H,S molecule in energetically favourable states. (d—f), respectively, corresponding
HOMO and LUMOs of the cyclodextrin, carboxyl and hydroxyl functionalized CNTs interacting with the H,S
molecule. Atom color code: red: oxygen; white: hydrogen; yellow: sulfur; brown: carbon.

The results obtained from Hirshfeld analysis can also corroborate the existence of weak interactions between
the involved molecules by suggesting the transfer of about 0.03 e between methane and the f-CNT. This result
can be further clarified by calculating the electron density distribution of the complex system as shown in Fig. 6¢.
Uniform distribution of the electron clouds is observed after adsorbing methane molecule. In addition, there is
no overlap between the electron densities anywhere near or exactly at the adsorption site. To provide a clear-cut
illustration about the role of dispersion interactions on the overall adsorption behavior of methane molecule
into this substrate, we re-optimized that configuration corresponding to the energetically most stable adsorption
without inclusion of dispersion interactions. With regard to the optimized structure, equilibrium geometry of the
adsorbed methane molecule (both in equilibrium distance and final orientation of the adsorbed methane mol-
ecule) strongly deviates from the geometry that the dispersion interactions have been considered. On the other
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Figure 5. Optimized structures of the H,S molecule attached to tube surface of (a) COOH-CNT, (b) OH-CNT,
and (c) CD-CNT. (d) Conceptual model for functionalized CNT with carboxyl groups on the tube surface.
Atom color code: grey: carbon; red: oxygen; white: hydrogen; yellow: sulfur.

hand, adsorption strength was strongly affected by eliminating dispersion interactions and the energy was calcu-
lated to be about 4 0.02 eV, which is considerably smaller (weaker) than that of the dispersion-corrected energy
(—0.14eV). Altogether, the above results highlight the dominating role of dispersion forces in the adsorption of
methane molecule in contrast to the H,S adsorption where the electrostatic forces were the main contributors.
Adsorption of CH, molecule by OH-CNT and COOH-CNT systems showed that methane interacts weakly
with both hydroxyl and carboxyl active sites with adsorption energies of about —0.11 and —0.09 eV, respectively.
The bonding distances between nearest atoms, the H atoms of CH, and the O/C atom of f-CNTs, have been esti-
mated to be about 2.9 A for both systems under study. Further evaluating about the interaction of methane with
the nanotube surface of f-CNTs indicates similar weakness strength for f-CNT in CH, adsorption either, onto
the functional groups or the nanotube middle surface. Calculated adsorption energies of optimized configura-
tions are determined to be about —0.10 eV for methane adsorbed onto the tube surface of both OH-CNT and
COOH-CNT systems indicating that functional groups could not affect the CH, adsorption of selected substrates.

Molecular dynamics simulation of H2S-CH4/CD-CNT system. In this section, molecular dynamics
(MD) was simulated to evaluate the CD-CNT system capability for efficient adsorption of H,S molecules in H,S/
CH, mixture. In order to achieve this important aim, we used DFTB based MD simulation for CD-CNT system
surrounded by 30 H,S and 30 CH, molecules as shown in Fig. 7a. We optimized the modeled system at tempera-
ture 300K to simulate the ambient condition for system under study.

Our quantum mechanics-based simulation after 150 ps of simulation time steps showed that up to 14 H,S
molecules could be attached to the cyclodextrin moiety, while only one CH, molecule bonded to cyclodextrin.
The equilibrium distances were considered to be about 2.5 A or less for the neighbor molecules to cyclodextrin.
It should be mentioned that higher levels of H,S molecules could be attached to the adsorbent, and H,S mole-
cules near the cyclodextrin (bilayers adsorption) were not accounted here. It was found that two of the adsorbed
H,S molecules were incorporated into the cyclodextrin cavity during the simulation process. Meanwhile, meth-
ane molecules are spread out and placed away from the cyclodextrin entity. In addition, we accounted for the
adsorbed molecules onto the cyclodextrin at about 200 ps and found that the number of H,S and CH, molecules
is the same as the previously accounted ones at 150 ps that indicates a stable state for system under simulation.

For further clarification, we have demonstrated both initial and final configurations of an attached H,S/CH,
molecule as well as one H,S molecule encapsulated into the cyclodextrin in Fig. 7b,c. According to Fig. 7b, after
110 ps of simulation time, the H,S molecule placed at about 2.8 A moved toward the cyclodextrin cavity, while
the situation of CH, molecule with a similar situation getting away the cyclodextrin changed from 2.6 to 6.5 A
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Figure 6. Optimized structures of the CH, molecule interacting with (a) inner site and (b) outer side wall of
cyclodextrin functionalized CNT. (c) Total electron density map of the CH, incorporated into the CD-CNT.
Atom color code: red: oxygen; white: hydrogen; yellow: sulfur; grey: carbon for (a), (b) and brown: carbon for (c).

during the optimization procedure. We observed a similar trend for some H,S and CH, molecules located around
the cyclodextrin as depicted in Fig. 7c, where H,S was housed near the cyclodextrine during the simulation pro-
cedure, while CH, molecule left the cyclodextrine skeleton domain and placed about 7.7 A apart from the adsor-
bent. Meanwhile, intermolecular distances between adjacent H,S/CH, molecule and cyclodextrin sidewall were
calculated for eight ps of the tail-end of simulation steps and represented in the figure. The obtained graphs reveal
a relative stable state for the attached H,S molecule as well as the receded CH, molecule during the simulation
times. Equilibrium distance for the adsorbed H,S molecule (distance between S atom from H,S and the nearest
H atom of the CD) was estimated to be about 2.5 A, while the corresponding value for CH, molecule (distance
between H atom from CH, and the nearest O atom of the CD) is around 11 A. These findings demonstrated that
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Figure 7. Schematic representation of snapshot of (a) the cyclodextrin-functionalized CNT consisting of
30H,S/30CH, molecules at 150 ps of simulation, (b) a H,S/CH, molecule adjacent to the cavity of cyclodextrin
and (c) a H,S/CH, molecule near the side wall of cyclodextrin during the specified simulation time steps. (d)
Equilibrium distance between S atom from H,S and nearest H atom of the CD and (e) Equilibrium distance
between H atom from CH, and nearest O atom of the CD moiety during the 8 ps of the tail-end of simulation
times. Atom color code: grey: carbon; red: oxygen; white: hydrogen; yellow: sulfur.

the functionalized CNT with cyclodextrin can be a superior nanomaterial for H,S adsorption and removal from
the H,S/CH, for industrial applications. Therefore, we suggested practical evaluation and possible application of
this novel nanostructured material by convenient available techniques.

SCIENTIFICREPORTS|  (2079) 9:10605 | https://doi.org/10.1038/s41598-019-46816-2 11


https://doi.org/10.1038/s41598-019-46816-2

www.nature.com/scientificreports/

Conclusion

With the aim of developing a novel hybrid material to selectively eliminate toxic gases from a mixture of dif-
ferent gas molecules, the selective adsorption of H,S molecule, as one of the most hazardous toxic gases, was
investigated in light of DFT calculations. For this end, pristine and chemically modified CNTs were considered
as candidates to fully understand the effect of covalent functionalization on the adsorption nature and affinity of
the CNT toward various gas molecules. The adsorption strength of the H,S gas on the functional groups as well as
the middle of nanotube was estimated by calculating the adsorption energy and compared to that of the methane
molecule. In all the cases, functionalization of the CNT significantly improved the adsorption capability of the
CNT by introducing additional bonding sites with specific chemical affinity toward different gas molecules. Since
the H,S molecule is a highly polar gas, attachment of functional groups containing electronegative atoms can
significantly enhance the affinity of H,S toward the CNT rather than the CH, molecule. This difference in affinity
has been raised as the adsorption energy difference of the respective molecules onto the CNT and can be poten-
tially useful in developing efficient hybrid adsorbents for the selective separation and elimination of toxic gases.
MD simulation at the DFTB level of theory was carried out under ambient conditions for CD-CNT consisting of
H,S/CH, mixture. It was found that CD-CNT is exhibited as a superior material in H,S adsorption where up to 14
H,S molecules could be adsorbed by cyclodextrin moiety, while only one CH, molecule, as its competing entity,
is attached to the cyclodextrin under ambient conditions.

References
1. Crini, G. Non-conventional low-cost adsorbents for dye removal: a review. Bioresour. Technol 97, 1061-1085 (2006).
2. Ren, X., Chen, C., Nagatsu, M. & Wang, X. Carbon nanotubes as adsorbents in environmental pollution management: a review.
Chem Eng J. 170, 395-410 (2011).

. Kyzas, G. Z. & Matis, K. A. Nanoadsorbents for pollutants removal: a review. ] Mol Lig. 203, 159-168 (2015).

4. Ray, P. Z. & Shipley, H. J. Inorganic nano-adsorbents for the removal of heavy metals and arsenic: a review. RSC Adv. 5, 29885-29907
(2015).

5. Thostenson, E. T, Ren, Z. & Chou, T.-W. Advances in the science and technology of carbon nanotubes and their composites: a
review. Compos Sci Technol. 61, 1899-1912 (2001).

6. Allen, M. ], Tung, V. C. & Kaner, R. B. Honeycomb carbon: a review of graphene. Chem. Rev. 110, 132-145 (2009).

7. Kordatos, K. et al. Novel versatile fullerene synthons. JOC. 66, 4915-4920 (2001).

8. Fang, X.-Q,, Liu, J.-X. & Gupta, V. Fundamental formulations and recent achievements in piezoelectric nano-structures: a review.
Nanoscale 5, 1716-1726 (2013).

9. Paramasivam, I, Jha, H., Liu, N. & Schmuki, P. A review of photocatalysis using self-organized TiO, nanotubes and other ordered
oxide nanostructures. Small 8, 3073-3103 (2012).

10. Shenderova, O., Zhirnov, V. & Brenner, D. Carbon nanostructures. Shenderova, O., Zhirnov, V. & Brenner, D. Carbon
nanostructures. Crit. Rev. Solid State Mater. Sci. 27, 227-356 (2002).

11. Hirscher, M. et al. Hydrogen storage in carbon nanostructures. ] Alloys Compd. 330, 654-658 (2002).

12. Knupfer, M. Electronic properties of carbon nanostructures. Surf Sci Rep. 42, 1-74 (2001).

13. Kong, J., Chapline, M. G. & Dai, H. Functionalized carbon nanotubes for molecular hydrogen sensors. Adv. Mater. 13, 1384-1386
(2001).

14. Durgun, E., Ciraci, S. & Yildirim, T. Functionalization of carbon-based nanostructures with light transition-metal atoms for
hydrogen storage. Phys. Rev. B 77, 085405 (2008).

15. Mendes, R. G., Bachmatiuk, A., Biichner, B., Cuniberti, G. & Riimmeli, M. H. Carbon nanostructures as multi-functional drug
delivery platforms. J. Mater. Chem. B 1,401-428 (2013).

16. Dasgupta, A., Rajukumar, L. P, Rotella, C., Lei, Y. & Terrones, M. Covalent three-dimensional networks of graphene and carbon
nanotubes: synthesis and environmental applications. Nano Today 12, 116-135 (2017).

17. Kemp, K. C. et al. Environmental applications using graphene composites: water remediation and gas adsorption. Nanoscale 5,
3149-3171 (2013).

18. Tan, C. W. et al. Energy and environmental applications of carbon nanotubes. Environ Chem Lett 10, 265-273 (2012).

19. Kong, J. et al. Nanotube molecular wires as chemical sensors. Science 287, 622-625 (2000).

20. Chen, C.-H. & Huang, C.-C. Hydrogen adsorption in defective carbon nanotubes. Sep. Purif. Technol. 65, 305-310 (2009).

21. Gaur, A. & Shim, M. Substrate-enhanced O 2 adsorption and complexity in the Raman G-band spectra of individual metallic carbon
nanotubes. Phys. Rev. B 78, 125422 (2008).

22. Masenelli-Varlot, K., McRae, E. & Dupont-Pavlovsky, N. Comparative adsorption of simple molecules on carbon nanotubes:
dependence of the adsorption properties on the nanotube morphology. Appl. Surf. Sci. 196, 209-215 (2002).

23. Chen, C. & Wang, X. Adsorption of Ni (II) from aqueous solution using oxidized multiwall carbon nanotubes. Ind. Eng. Chem. Res.
45, 9144-9149 (2006).

24. Agnihotri, S., Mota, J. P, Rostam-Abadi, M. & Rood, M. J. Adsorption site analysis of impurity embedded single-walled carbon
nanotube bundles. Carbon 44, 2376-2383 (2006).

25. Chen, J. et al. Solution properties of single-walled carbon nanotubes. Science 282, 95-98 (1998).

26. Mickelson, E. et al. Fluorination of single-wall carbon nanotubes. Chem. Phys. Lett. 296, 188-194 (1998).

27. Mickelson, E. et al. Solvation of fluorinated single-wall carbon nanotubes in alcohol solvents. ] Phys Chem B 103, 4318-4322 (1999).

28. Banerjee, S., Kahn, M. G. & Wong, S. S. Rational chemical strategies for carbon nanotube functionalization. Chem. Eur. J. 9,
1898-1908 (2003).

29. Karimi, M., Ghasemi, A., Mirkiani, S., Basri, S. M. M. & Hamblin, M. R. Carbon Nanotubes in Drug and Gene Delivery. IOP
Science, Morgan & Claypool Publishers 1-4 (2017).

30. Chen, R.]. et al. Noncovalent functionalization of carbon nanotubes for highly specific electronic biosensors. Proc Natl Acad Sci USA
100, 4984-4989 (2003).

31. Zhang, T., Nix, M. B,, Yoo, B. Y., Deshusses, M. A. & Myung, N. V. Electrochemically functionalized single-walled carbon nanotube
gas sensor. Electroanalysis: An International Journal Devoted to Fundamental and Practical Aspects of Electroanalysis 18, 1153-1158
(2006).

32. Woods, R. J. Computational carbohydrate chemistry: what theoretical methods can tell us. Glycoconj J. 15, 209-216 (1998).

33. Grotendorst, ]. Modern methods and algorithms of quantum chemistry. John von Neumann Institute for Computing (2000).

34. Dykstra, C., Frenking, G., Kim, K. & Scuseria, G. Theory and Applications of Computational Chemistry: the first forty years. (Elsevier,
2011).

35. Ganji, M. D,, Sharifi, N., Ardjmand, M. & Ahangari, M. G. Pt-decorated graphene as superior media for H,S adsorption: a first-
principles study. Appl. Surf. Sci. 261, 697-704 (2012).

36. Zhang, H.-P. et al. DFT study of adsorption and dissociation behavior of H,S on Fe-doped graphene. Appl. Surf. Sci. 317, 511-516
(2014).

w

SCIENTIFIC REPORTS |

(2019) 9:10605 | https://doi.org/10.1038/s41598-019-46816-2 12


https://doi.org/10.1038/s41598-019-46816-2

www.nature.com/scientificreports/

37. Nikmaram, E, Najafpour, J. & Ashrafi Shahri, M. Decontamination of DMMP by adsorption on ZnO, A Computational Study. JPTC
9,11-15 (2015).

38. Bermudez, V. M. Quantum-Chemical Study of the Adsorption of DMMP and Sarin on ~-Al,Os. J. Phys. Chem. C 111, 3719-3728
(2007).

39. Lin, D. & Xing, B. Adsorption of phenolic compounds by carbon nanotubes: role of aromaticity and substitution of hydroxyl groups.
Environ Sci Technol 42, 7254-7259 (2008).

40. Zou, M., Zhang, J., Chen, J. & Li, X. Simulating adsorption of organic pollutants on finite (8, 0) single-walled carbon nanotubes in
water. Environ Sci Technol 46, 8887-8894 (2012).

41. Zhao, ], Buldum, A., Han, J. & Lu, J. P. Gas molecule adsorption in carbon nanotubes and nanotube bundles. Nanotechnology 13, 195
(2002).

42. Santucci, S. et al. NO, and CO gas adsorption on carbon nanotubes: experiment and theory. J. Chem. Phys. 119, 10904-10910
(2003).

43. Neese, F. The ORCA program system. Wiley. Interdiscip. Rev. Comput. Mol. Sci 2,73-78 (2012).

44. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865 (1996).

45. Zhang, Y. & Yang, W. Comment on “Generalized gradient approximation made simple”. Phys. Rev. Lett. 80, 890 (1998).

46. Ziesche, P, Kurth, S. & Perdew, J. P. Density functionals from LDA to GGA. Comput. Mater. Sci. 11, 122-127 (1998).

47. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132, 154104 (2010).

48. Becke, A. D. & Johnson, E. R. A density-functional model of the dispersion interaction. J. Chem. Phys. 123, 154101 (2005).

49. Goerigk, L. & Grimme, S. A thorough benchmark of density functional methods for general main group thermochemistry, kinetics,
and noncovalent interactions. Phys. Chem. Chem. Phys. 13, 6670-6688 (2011).

50. Schifer, A., Huber, C. & Ahlrichs, R. Fully optimized contracted Gaussian basis sets of triple zeta valence quality for atoms Li to Kr.
J. Chem. Phys. 100, 5829-5835 (1994).

51. Kendall, R. A. & Friichtl, H. A. The impact of the resolution of the identity approximate integral method on modern ab initio
algorithm development. Theor. Chem. Acc. 97, 158-163 (1997).

52. Eichkorn, K., Weigend, E, Treutler, O. & Ahlrichs, R. Auxiliary basis sets for main row atoms and transition metals and their use to
approximate Coulomb potentials. Theor. Chem. Acc. 97, 119-124 (1997).

53. Boys, S. E. & Bernardi, F. The calculation of small molecular interactions by the differences of separate total energies. Some
procedures with reduced errors. Mol. Phys. 19, 553-566 (1970).

54. Aradi, B., Hourahine, B. & Frauenheim, T. Self-Interaction and Strong Correlation in DFTB. J. Phys. Chem. A 111(26), 5678 (2007).

55. Seifert, G., Porezag, D. & Frauenheim, T. Calculations of molecules, clusters, and solids with a simplified LCAO-DFT-LDA scheme.
Int. J. Quantum Chem. 58, 185 (1996).

56. Frauenheim, T. et al. A Self-Consistent Charge Density-Functional Based Tight-Binding Method for Predictive Materials
Simulations in Physics. Chemistry and Biology. Phys. Stat. Sol. (b) 271, 41 (2000).

57. Frauenheim, T. et al. Self-consistent field tight-binding model for neutral and (multi-) charged carbon clusters. J. Phys.: Condens.
Matter 14, 3015 (2002).

58. Elstner, M. et al. Self-consistent-charge density-functional tight-binding method for simulations of complex materials properties.
Phys. Rev. B 58,7260 (1998).

59. Elstner, M., Hobza, P,, Frauenheim, T., Suhai, S. & Kaxiras, E. Hydrogen bonding and stacking interactions of nucleic acid base pairs:
A density-functional-theory based treatment. J. Chem. Phys. 114, 5149 (2001).

60. Andersen, H. C. Molecular dynamics simulations at constant pressure and/or temperature. J. Chem. Phys. 72, 2384 (1980).

61. Fereidoon, A., Ahangari, M. G., Darvish Ganji, M. & Jahanshahi, M. Density functional theory investigation of the mechanical
properties of single-walled carbon nanotubes. Comput. Mater. Sci. 53, 377-381 (2012).

62. Yakobson, B. I. & Avouris, P. Mechanical properties of carbon nanotubes, In: Carbon nanotubes 287-327 (Springer 2001).

63. Ahmadian, N., Ganji, M. D. & Laffafchy, M. Theoretical investigation of nerve agent DMMP adsorption onto Stone-Wales defected
single-walled carbon nanotube. Mater. Chem. Phys. 135, 569-574 (2012).

64. Chen, R. ], Zhang, Y., Wang, D. & Dai, H. Noncovalent sidewall functionalization of single-walled carbon nanotubes for protein
immobilization. J. Am. Chem. Soc. 123, 3838-3839 (2001).

65. Liu, L., Nicholson, D. & Bhatia, S. K. Adsorption of CH, and CH,/CO, mixtures in carbon nanotubes and disordered carbons: A
molecular simulation study. Chem Eng Sci. 121, 268-278 (2015).

66. Hirshfeld, F. L. Bonded-atom fragments for describing molecular charge densities. Theor. Chem. Acc. 44, 129-138 (1977).

67. Lee, J.-H., Choi, Y.-K,, Kim, H.-]., Scheicher, R. H. & Cho, J.-H. Physisorption of DNA nucleobases on h-BN and graphene: vdW-
corrected DFT calculations. J. Phys. Chem. C 117, 13435-13441 (2013).

68. Larijani, H. T., Ganji, M. D. & Jahanshahi, M. Trends of amino acid adsorption onto graphene and graphene oxide surfaces: a
dispersion corrected DFT study. RSC Adv. 5, 92843-92857 (2015).

69. Sigal, A., Rojas, M. & Leiva, E. Interferents for hydrogen storage on a graphene sheet decorated with nickel: a DFT study. Int. J.
Hydrog. Energy 36, 3537-3546 (2011).

Acknowledgements
The authors gratefully acknowledge support of this work by Tehran Medical Sciences, Islamic Azad University,
Tehran, Iran.

Author Contributions
M.D.G. designed the project. H.K. modeled the systems. M.D.G. derived the theory. M.D.G, wrote the code and
M.D.G. and H.K. performed calculations. All authors contributed to the data analysis and M.D.G. wrote the

paper.
Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS|  (2079) 9:10605 | https://doi.org/10.1038/s41598-019-46816-2 13


https://doi.org/10.1038/s41598-019-46816-2

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:10605 | https://doi.org/10.1038/s41598-019-46816-2 14


https://doi.org/10.1038/s41598-019-46816-2
http://creativecommons.org/licenses/by/4.0/

	Molecular simulation of efficient removal of H2S pollutant by cyclodextrine functionalized CNTs

	Computational Method

	Results and Discussion

	Interaction of H2S and CH4 with pristine CNT. 
	Interaction of H2S with functionalized CNT. 
	Interaction of CH4 with functionalized CNT. 
	Molecular dynamics simulation of H2S-CH4/CD-CNT system. 

	Conclusion

	Acknowledgements

	Figure 1 Schematic representation of (a) the optimized structure of CNT, (b) parallel and (c) perpendicular initial configurations of the H2S molecule onto the CNT.
	Figure 2 (a) Total electron density map of the most stable adsorption pattern for the H2S molecule above the CNT.
	Figure 3 (a–c) Optimized structures of the cyclodextrin, carboxyl and hydroxyl functionalized CNTs, respectively.
	Figure 4 Total electron density maps of the (a) cyclodextrin (b) carboxyl and (c) hydroxyl functionalized CNTs interacting with the H2S molecule in energetically favourable states.
	Figure 5 Optimized structures of the H2S molecule attached to tube surface of (a) COOH-CNT, (b) OH-CNT, and (c) CD-CNT.
	Figure 6 Optimized structures of the CH4 molecule interacting with (a) inner site and (b) outer side wall of cyclodextrin functionalized CNT.
	Figure 7 Schematic representation of snapshot of (a) the cyclodextrin-functionalized CNT consisting of 30H2S/30CH4 molecules at 150 ps of simulation, (b) a H2S/CH4 molecule adjacent to the cavity of cyclodextrin and (c) a H2S/CH4 molecule near the side wa




