Applied Surface Science 403 (2017) 519-524

journal homepage: www.elsevier.com/locate/apsusc

Contents lists available at ScienceDirect

Applied Surface Science

Adsorption of triclosan on single wall carbon nanotubes: A first

principle approach

@ CrossMark

S.M. Castro?, A.B. AraijoP, R.F.P. Nogueira®, S. Guerini®*

3 Departamento de Fisica, Universidade Federal do Maranhdo, 65080-805 SdoLuis, MA, Brazil

b Instituto Federal do Maranhdo, Campus Sédo Luis-Centro Histérico, 65010-500 SéoLuis, MA, Brazil
¢ Departamento de Quimica Analitica, Instituto de Quimica de Araraquara, UNESP e Univ Estadual Paulista, Araraquara, SP 14801-970, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 16 November 2016

Received in revised form 16 January 2017
Accepted 21 January 2017

Available online 24 January 2017

Keywords:
Nanotube
Triclosan X
DFT triclosan molecule.

Electronic properties

The interaction of triclosan on (8,0) and (5,5) single wall carbon nanotube (SWCNT) was investigated
using density functional calculations. The results show that the adsorption of triclosan modifies the
electronic properties of pristine (8,0) and (5,5) SWCNT and induced changes in the electronic properties
are dependent on the triclosan adsorption site. It was observed through binding energy that triclosan
molecule interacts mainly via chemical process in parallel configuration to (8,0) SWCNT, while interaction
via physical process was observed with both (8,0) and (5,5) SWCNT. It is proposed that these SWCNTs
are a potential filter device due to reasonable physical interaction with triclosan molecule. Furthermore,
this type of filter could be reusable, therefore after the filtering, the SWCNTSs could be separated from

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Endocrine disrupting compounds (EDCs) can mimic the bio-
logical activity of natural hormones in animals endocrine systems
and impose a risk to animals and humans. Triclosan is a common
antimicrobial found in personal care products, such as toothpastes,
soaps, fabrics, and plastics [1,2]. Therefore, residual amounts are
flushed into sewage streams and enters wastewater treatment
plants resulting in contamination of surface water at ugL~! levels,
and mg kg~! in sediments [3-5]. Although triclosan presents low
toxicity, studies have demonstrated that triclosan can form highly
toxic dioxin type derivatives under solar irradiation when present
in surface water [6]. The molecular structure of triclosan contains
phenolic hydroxyl group, which is electrochemically active and can
be oxidized under proper conditions, so it is very important to
develop arapid, sensitive, and efficient method to remove triclosan.

Various removal methods have been used in water treatment
such as adsorption on carbon nanomaterials [7,8], membrane sep-
aration [9], electrochemical or photochemical processes [10,11].
Another possibility for the removal or detection of these toxic
substances in the environment is to use carbon nanostructures,
which are now considered as possible filters or sensors for toxic
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substances. The hydrophobic surface of carbon nanostructures
favors a strong interaction between organic pollutants and these
nanostructures. Carbon nanostructures such as carbon nanotubes
[12] present unique electronic and structural properties such as
porous structure, large surface area, and thermostability, which
favors the removal of organic contaminants from various aqueous
systems [13].

In particular, the strong dependence of electronic properties of
single wall carbon nanotubes (SWCNTs) on their atomic structure,
such as nanotube diameter and chirality, provides a versatile range
of applications. For example, SWCNTs could be used as gas sensors,
field emission sources, polymer composite fillers, protein immobi-
lizers, filters, electronic components. Furthermore, studies indicate
that SWCNTs have high adsorption capacities of heavy metals [14],
phenols [15], and organic substances [16].

Zaib et al. investigated the adsorption of bisphenol A and
17 B-estradiol onto SWCNTs and acid-treated SWCNTSs at various
temperatures by the use of several analytical techniques such
as TEM, zeta potential measurements, and Raman spectra, con-
firmed the acidification of SWCNTs. SWCNTs and acid-treated
SWCNTs proved to be ideal to adsorb bisphenol A and 17 8-estradiol
[17].

In other work, Pan et. al. studied carbon nanostructures through
adsorption and desorption (kinetic) experiments. The kinetic
models used to analyze experimental data and obtain kinetic
parameters indicated that SWCNTs have high potential for water
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treatment and purification, due to its high adsorption capacity, high
adsorption rate, and strong retention of adsorbates [18].

In this study, the effects on the electronic properties of (8,0) and
(5,5) SWCNT when interacting with triclosan molecule using ab
initio simulations were investigated. SWCNT (8,0) and (5,5) show
different electronic characteristics, the former is semiconductor
while the latter is metallic. Currently the research by computer
simulation is particularly important because the computational
study of nanostructured systems constitutes an essential tool for
scientific practice, able to make predictions of physicochemical
properties of these systems and ensuring a better predicting and
understanding of experimental results. Triclosan molecule have
planar structure, which contributes to adsorption, and its fairly
small molecule reduces the cost of computer simulation. The cal-
culations predict that triclosan molecule interacts with nanotubes
and the calculated binding energies are typical of an physical inte-
gration in most configurations considered.

2. Method of calculation

The theoretical calculations are based on first-principle spin
polarized density functional theory [19] using numerical atomic
orbitals as basis sets. We used the Siesta code [20], which performed
full self consistent calculations solving the Kohn-Sham equations
[21]. Double zeta basis set with polarization function [22]| was used
in all calculations. For the exchange and the correlation terms,
local density approximation with the parameterization of Perdew
and Wang [23] was used. The interaction between ionic cores and
valence electrons is described by norm conserving pseudopoten-
tials [24] in Kleinamn-Bylander form [25]. A cuttoff of 150 Ry for
the grid integration was used to represent the charge density. The
Brillouin zone is sampled with twenty three k-points special along
the I'-X directions used Monkhorst-Pack method [26].

The calculations were performed using a (8,0) and (5,5) SWCNT,
which are known in the literature by presents a behaves semi-
conductor and metallic character [27-29]|. Periodic boundary
conditions and a supercell approximation were used with a lateral
approximation of 20 A between nanotube center are ensure that the
SWNT plus the molecule do not interact with the periodic images.

Table 1

Binding energies (E; ), distance of binding (Dy ), gap energy (E;), and charge transfer
(CT) calculated for different adsorption sites of (8,0) SWCNT, as shown in Fig. 1. The
minus and plus sign in the charge transfer values indicates that triclosan molecule
receives or donates electronic charge, respectively.

Configuration Ep (eV) Dy (A) Eq (eV) CT (e™)
(a) 1.73 2.98 052 +0.05
(b) 0.65 2.46 0.60 ~0.14
(c) 0.28 2.11 0.60 -0.12
(d) 0.10 3.40 0.60 +0.02
(e) 0.47 3.42 057 ~0.01

The supercells that were used have 128 C atoms to (8,0) SWCNT and
180 C atoms to (5,5) SWCNT, respectively. On the other hand, the
(8,0) SWCNT have a diameter of 6.37 A and the (5,5) SWCNT has a
diameter of the 6.78 A which implies that the two nanotubes have a
very close curvature. The structural optimizations were performed
using a conjugated gradient procedure, and the atomic positions of
the structure are relaxed until all the force components are smaller
than 0.04eV/A.

The binding energies E, between nanotubes and triclosan
molecule were calculated using the basis set superposition error
(BSSE) [30]. This correction is done through the counterpoise
method using “ghost” atoms, as the following equation:

Eb = —{ET[SWCNT + t] — ET[SWCNT + tghost] — ET[SWCNTghost + t]}

(1)

where Er[SWCNT +t] is the total energy for the system with SWCNT
nanotube plus triclosan molecule in different configurations. The
subscript “ghost” corresponds to additional basis wave functions
centered at the position of the triclosan molecule or the nanotube,
but without any atomic potential.

3. Results and discussion

The interaction between the (8,0) and (5,5) SWCNT and triclosan
molecule were analyzed different in configurations, such as the
triclosan molecule parallel to the axis of the nanotube (Fig. 1(a)), H
atoms of triclosan molecule interacting with nanotube (Fig. 1(b)),

(d)
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Fig. 1. Schematic view of all configurations considered for triclosan interaction with (8,0) SWCNT to references.
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Fig. 2. Electronic band structures for (P) pristine (8,0) and ((a)-(e)) different configurations of triclosan adsorbed on (8,0) SWCNT, which correspond to the configurations

shown in Fig. 1(a)-(e), respectively. The Fermi energy is set to zero.

O atom and Cl atom interacting with nanotube (Fig. 1(c)), Cl
atom interacting with nanotube (Fig. 1(d)), and triclosan molecule
perpendicular to the tube axis (Fig. 1(e)). Fig. 1 shows opti-
mized structures studied of (8,0) SWCNT interacting with triclosan
molecule. The configuration (a) (Fig. 1) was predicted to be the most
stable, with a distance between SWCNT and triclosan molecule of
about 2.98 A, Table 1, summarizes the calculated binding energy
(Ep) according to Eq. (1), distance of binding (Dp), gap energy
Eg and the charge transfer for all the configurations studied in
Fig. 1.

The analysis of results of the binding energies obtained for
the different configurations pointed that the interaction between

triclosan molecule and (8,0) SWCNT occurs through physical or
chemical process, depending on position of triclosan in relation to
the nanotube. According to Machado et al. [31], binding energy
values lower or equal to 0.83eV can be considered low, which
corresponds to physical process, while energy above this value
is considered high, characterizing a chemical process. The results
showed that the most stable configuration is the one where the
molecule is parallel to the tube axis, as can be seen from Fig. 1(a),
presenting a binding energy of 1.73 eV. This results suggest that
interaction between the triclosan molecule and nanotube depends
strongly on the interaction between the aromatic rings of SWCNT
and triclosan due to w-m bond. The other configuration present

Fig. 3. Plots for the charge isosurface molecules interacting with (8,0) SWCNT in all configurations considered. The plots are for the electronic configuration presented in

Fig. 2(a)-(e) around the Fermi level. The isovalue is 0.005 states/Ry.
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Fig. 4. Studied configurations for the triclosan molecule adsorbed on (5,5) SWCNT.

low binding energy, i.e., < 0.83 eV indicating a physical process
(Table 1).

The Miilliken population was analyzed and used for all studied
configurations to predict the electronic charge transfer between
SWCNT and triclosan molecule. It is important to point out that
the Miilliken population does not supply a trustworthy number to
charge transfer, but it indicates the trend and correct order of the
charge transfer process. Triclosan molecule behaves as an electron
acceptor or donor when interacting with the (8,0) SWCNT, depend-
ing on the position of molecule. The triclosan molecule donates
0.057¢ to (8,0) SWCNT in most stable configuration (Fig. 1(a)),
while in configurations (b), (c) and (e) (Fig. 1) triclosan molecule
receives 0.147¢,0.127¢ and 0.02~¢, respectively, from (8,0) SWCNT.

(P) (a)

In configuration (d) triclosan molecule donates 0.017¢ to (8,0)
nanotube.

The calculated electronic band structures are presented for the
pristine (8,0) SWCNT (Fig. 2(P)) and for triclosan adsorbed on (8,0)
SWCNT (Fig. 2(a)-(e)) in all configurations shown in Fig. 1(a)-(e).
The Fermi level is located in zero. The pristine (8,0) SWCNT is a
semiconductor with a energy gap calculated as 0.60 eV. Thisresult s
in agreement with those reported in the literature [32]. The results
indicated that the electronic properties of (8,0) SWCNT remained
unchanged in all configurations considered, a semiconductor with
energy gap around 0.60eV.

It can be observed in Fig. 2(a)-(e), compared directly with pris-
tine nanotube, that changes in electronic properties of (8,0) SWCNT
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Fig. 5. Band structures for (P) pristine (5,5) SWCNT and (a)-(e) for triclosan molecule adsorbed on (5,5) SWCNT in different configurations shown in Fig. 4(a)-(e), respectively.

The Fermi level is localized in zero.
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Fig. 6. Plots for the charge isosurface molecules interacting with (5,5) SWCNT in all configurations considered. The plots are for the electronic configuration presented in

Fig. 5(a)—(e) in region around —1.07 eV to 1.09 eV. The isovalue is 0.005 states/Ry.

occurred when interacting with triclosan, mainly in the valence
band region. Fig. 2(a) shows the band structure for the most stable
configuration (Fig. 1(a)) and it is possible to observe that there are
mixtures between the levels of triclosan molecule with the nano-
tube. From band structures it can be observed that delocalized
levels appear in —0.90eV to —0.29eV region due to an interac-
tion between the aromatic ring of triclosan molecule and (8,0)
SWCNT (Fig. 2(a)). To elucidate in more detail the localization of
the states in —0.90 eV to —0.29 eV region, the orbital charge density
was obtained (Fig. 3(a)). It indicated a low contribution of orbitals
of carbon atoms of SWCNT and higher contribution of orbitals of
oxygen, carbon and chlorine atoms of triclosan molecule.

Differently from configuration of Fig. 1(a), in configurations
(Fig. 1(b) and (c)), the band structure presented localized levels in
valence band 0.6 eV below Fermi level (see Fig. 2(b) and (c)). The
plots of orbital charge density of these configurations, in —0.63 eV to
—0.29 eVregion, are showninFig. 3(b)and (c), respectively. It can be
observed that larger contributions to these levels are of atoms from
triclosan molecule. The band structure to configurations Fig. 1(d)
and (e), are shown in Fig. 2(d) and (e), respectively. Both configura-
tions presented similar electronic properties, for example, in both
band structures the localized level appear about 0.86 eV below the
Fermi level and degenerated levels emerge below the Fermi level.
The plots of orbital charge density between —0.98 eV and —0.32 eV
show that levels are mixture the both SWCNT and triclosan orbitals
(see Fig. 3(d) and (e)).

Regarding relaxed structure of the (5,5) SWCNT the position
of triclosan molecule, in relation to (5,5) SWCNT are the same as
considered to (8,0) SWCNT. The minimum distance between (5,5)
nanotube and triclosan molecule is 3.12 A in the most stable config-
uration. All studied configurations exhibited energy binding lower
than 0.83 eV (Table 2), indicating that the interaction between
triclosan molecule and (5,5) SWCNT occurs through a physical pro-
cess. In the preliminary analysis, the most stable configuration was
the one in which the triclosan molecule is localized parallel to the
(5,5) tube axis. The positive values for binding energy indicate an
attraction force between triclosan molecule and both SWCNT con-
sidered in this work.

From the values of charge transfer (Table 2), the triclosan
molecule exhibited an electron donor character in the most favor-
able configuration energy and in configuration shown in Fig. 4(d).

Table 2

Calculated results for Ej,, D, and CT to the attached triclosan molecule for the con-
figurations of (5,5) SWCNT shown in Fig. 4. The minus and plus sign in the charge
transfer values indicates that the triclosan molecule receives or donates electronic
charge, respectively.

Configuration Ey (eV) Dy A CT (e™)
(a) 0.53 3.12 +0.03
(b) 0.26 2.29 -0.11
(o) 0.30 213 -0.12
(d) 0.10 3.20 +0.01
(e) 0.28 2.97 -0.05

In the other configurations (Fig. 4(b), (c¢) and (e)) the triclosan
molecule acts as acceptor electron.

Fig. 5(P) presents the band structure for the pristine (5,5) SWCNT
to compared, while the Fig. 5(a)-(e) show the band structure to
system presented in Fig. 4(a)—(e), respectively. From the band struc-
tures, it can be observed that pristine (5,5) SWCNT behaved like a
metallic system (see Fig. 5(P)). Moreover, a comparison between
the electronic band structures of the pristine (5,5) SWCNT with
triclosan molecule adsorbed on the (5,5) SWCNT showed no mean-
ingful changes around the Fermi energy, even for configurations
with the largest binding energies. All these results indicate a weak
interaction between triclosan molecule and (5,5) SWCNT.

In Fig. 6(a)-(e) the plots for the localized density of states (LDOS)
of triclosan molecule adsorbed on the (5,5) SWCNT for all config-
urations (shown in Fig. 4) are presented for the electronic levels
located in region around —1.07eV to 1.09eV (see Fig. 5(a)-(e)).
From these LDOS plots, we observed that the largest contribution
in this region belong to triclosan molecule, showing again a weak
interaction between triclosan molecule and (5,5) SWCNT.

4. Conclusion

In summary, we performed the first principles calculations on
total energy, charge transfer, and electronic structures of the tri-
closan molecule interacting with semiconductor (8,0) and metallic
(5,5) SWCNT. The configurations present mostly weak binding
energies, which are typical of physical process. The one exception
occurs in the case of interaction of the triclosan molecule on (8,0)
nanotube. This most stable configuration is the triclosan molecule
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parallel to the nanotube axis, which occur due the -7 interactions
between them. The semiconductor SWCNT present predominantly
binding energies larger than that of metallic SWCNT, when com-
paring directly the same type configuration. Triclosan behaves as
an electron donor or acceptor depending on configuration. These
results show that carbon nanotubes are very promising for triclosan
adsorption since it is sensible to presence of triclosan molecule and
therefore could be used as a filter system for wastewater treatment.
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