International Journal of Nanoelectronics and Materials s s —
Volume 15, Na2, April 2022[163-176] < UNIVERSITI
MALAYSIA

U MAP PERLIS

Density Functional Theory Studies of Sulfur Compounds Removal by Zinc
Oxide Nanotube

Sajjad Yari, Leila Mahdaviad®, Negar Dehghanpourand Dhameer A. MutlaR

1Department of Chemistry, Dorouiranch, Islamic Azad University, P.O. Box: 133. Doroud. Iran.
2Process Engineering Department, Lorestan Petrochemical Company, Bakhtar Petrochemical Holding,
khoramabad, Iran.
3Materials and nuclear physics; Alisour University College. Baghdad. Iraqg.

ReceivedB0 August2021, Revised 7 January 2022Accepted5 Felouary 2022

ABSTRACT

Selective adsorption of sulfur compounds is one of the most widely used methbdsmost
important advantages of this method are the desulfurization reaction at ambient temperature
and pressure, which reduces the cosfsrefining operations.In this study, the reduction and
elimination of sulfur pollutants @liethyl sulfide and benzothiophene) on zinc oxide nanotubes
(ZnONT) has been investigated using DFT computational method. First, the geometric
structures of thestudied compounds were optimized and then the probabilities of approaching
(passing through the central axis, adsorption on the top and wall of the nanotube) and
adsorption and reduction of diethyl sulfide and benzothiophene to the oxidized nanotube were
simulated in five steps. B3LYP/81++G* method was used to study the structural properties,
thermodynamic parametersand QSAR. The results showed that nanotubes show a high
tendency to interact with both sulfur compounds in all spatial positigreothat the energy of

the gap (=9.48 eV) decreases with the approach of the pollutant (Bg 5), which indicates

the transfer of electrons between them. By studying the obtained structural properties and
thermodynamic parameters, the tendency 8hONT to adsorption of diethyl sulfide is higher
than benzothiophene. While for both compounds, thesfiion approaching the end of ZnQ
nanotube is more likely to pass through the central axis and adsorb on the outer wall of the
nanotube.In general, this naneadsorbent has the ability to adsorption of sulfur compounds
and can reduce them, solving thegblem of the oil industry.

Key words: Desulfurization, Sulfur compounds(diethyl sulfide and benzotiophenine), Zinc
oxide nanotube (ZnO-NT), DFT-calculation

1. INTRODUCTION

In general, the amount of sulfur in crude oil varies from 0.03 to 7.8&t% [1]. Sulfur compounds in
crude oil include elemental sulfur, sulfide, disulfide, mercaptan, thiophenend benzothiophene.
Elimination of sulfur in crude oil is an important issue mn the oil industry and related industries [2].

Complex sulfur compounds in crude oils increastheir viscosity. Thio ethers and thiolansare easily
removed by water and heat treatment during the desulfurization procesdVhile sulfur in sulfurous
aromatic compounds(such as benzothiophene, dibenzothiophenand benzoneftothiophene) are
more resistant toremove by hydrodesulfurization and thermal conversion. Some important types of
thiophenes are benzotiophenine and dibenzotiophenine which have one or two benzene groups
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respectively. Elimination of sulfur in crude oil is an important issue in the oil and related industries
[3]; they havetoxic and corrosive effects on equipmenf4].

There are various methods for separating sulfur compounds from oil reservoirs, including bio
desulfurization [5], adsorption desulfurization [6], extractive desulfurization [7], hydro-

desulfurization [8], oxidative desulfurization, [9] and so on The use of nanesorbents by surface
adsorption methodis taken into considerationas one of the best methods, with low cost, simplicity
and high efficiency

The identification and removal of diethyl sulfide and benzotiophenine pollutants in the environment
are simulated and investigated by using zinc oxide nanotube (ZRRT (6-6)). In general,
nanostructures due to their large surfaceto-volume ratio (for example nanotubes, fullerenes, nane
clusters, and nanecells) havemany applications in areas such as adsorptiordD, 11] transistors [12],
catalysts [1L3], sensors [14], and medicine [L5]. In new researchesthe properties of materialscan be
increasedby making changes in their structure. Recently, nanostructure whichastwo components
(XY)n (X and Y belong to the elements of groups Ill and V of the periodic taibdespectively) have
been considered by manyresearchers [16-18]. Zinc oxide is a very important semiconductor
material (due to its gap energy (3.37 eV) and bond energynd it has alot of applications such as
nanosorbents, photocatalysts optical sensors, solar cells, and highly emitting light emitting diodes
(LEDs) [19-21]. As the dimensions of zinc oxide decrease to a smaller scale (nanometers), its
properties change due to the effects of quantum siz&hus, the band gap energy is incesed by
guantum confinement[22]. The general purpose of this study is to investigate the thermodynamic,
toxicity, and structural parameters of zinc oxide nanotube to remove sulfur compounds from
petroleum compounds. The @ndex files of their structure are simulated and optimized. Then, the
interaction between pollutants and nanesorbent is calculated and investigated witha method of
B3LYP/6-31++G* by Wavefunction Spartan series of programs 23, 24] The bond lengths, angles,
active locations and sensitivity on the Zn@NT structure (6-6) are investigated and the stages of
pollutants approaching to the naneadsorbent active sites are simulated and calculatedFigure 1
shows the structure of sulfur compounds. Thediethyl sulfide, benzotiophenine, and ZNONT (6-6)
are optimized by B3LYP/6-31++G* method The sensitivity of ZnONT (6-6) is investigated by
calculation ofthe HOMQLUMQ and gapenergy. If the energy gagEgy) decreases with the pollutants
closed to the ZnGnanotube, it means that it generates an electrical signal and can detect these
contaminants in the environment.Therefore, the NBO method is used to investigate the sensitivity of
nanosorbentsZnONT (6-6).

(a) 2 ) 0 ()

& | R

i

i

Orbital Energy (eV)

TR

Orbital Energy (eV)

Orbital Energy (eV)

i

&

(7

. &w

Figure 1. The ball and stick model of optimized geometrical structure: a) zinc oxideanotube ZnO-NT (6-6),
b) Diethyl sulfide (C4H10S) andc) Benzotiophenine (GHsS) with HOMO and LUMO energy of them
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One of the reasons for the spontaneowsdsorption and reduction of pollutants by nanotubes irtheir
various positions is the reduction of Gibbs free and enthalpsnergy.

2. COMPUTATIONAL METHODS

Quantum chemistry has brought great changes in thscience of chemistry by applying quantum
mechanics. Theoretical study methods reduce the possibility of error and provide reliable
confirmation for observations. To solve chemical problems, a series of molecular models or
computational methods are used thapredict the behavior of specific molecules in a chemical system.
These computational methods are very much dependent on power as well as computer capabilities.
Hence, with advances in computer science and programs related to computational methods, they
have expanded very rapidly.

Zinc oxide nanoparticles are one of the most widely used mineral particles that have been considered
by craftsmen due to their suitable physical and chemical properties. The special properties of zinc
oxide nanoparticles are high chemical stability, low dilectric constant, high catalytic activity,
infrared and ultraviolet light absorption, and most importantly antibacterial properties. The ZNnGNT
(6-6) has a cylindrical structurethat has been composed of a regular arrangement of zinc and oxygen
atoms thatis the same as the carbon arrangement in graphite plat¢25, 26]. By arranging regular
hexagons zinc and oxygen together, plates of their composition are formed. These plates are stacked
on top of each other and each layer is connected to the bottom layer through weak van der Waals
bonds. When these plates are intertwind, they form a zinc oxide nanotube. Now, the interaction
between them is simulatedaccording to the different positions of the pollutants in the presence of
nanotube.

This study aimsto investigate the thermodynamic, QSARNd structural parameters and total energy
of the mentioned interaction. Due to the interaction of the pollutant with the inner wall and the lack
of recycling of the nanotube of ZnO ), the interaction of the pollutant with the internal wall of a
nanotube is not investigated.The two locations of the end (& position) and the outer wall (2d
position) of the nanotube are considered for interaction with sulfur compounds (Figure 2)lhe QSAR
computational method is used to investigate the compatihily of a nanotube with the environment
that is a quantitative correlation between the structure and activity of chemical compounds.

lst positon

2"(I position
-

165



Sajjad Yariet al/ Density Functional Theory Studies of Sulfur Compounds Removal by Zinc

Figure 2. Optimized structure and different spatial positions of oxide nanotube$ZnO-NT(6-6)) for
passing andinteracting with C4H10S and @HeS

3. RESULTS AND DISCUSSION

Atfirst, the structure of ZnO-NT (6-6), diethyl sulfide, and benzotiophenineare separately optimized
Their thermodynamic, structural and environmental compatibility properties are calculated and
evaluated.In this study, the structure ofZnO-NT (6-6) and pollutants are optimized and calculatedof
the thermodynamic properties, QSAR and structural parameteitsy B3LYP/6-31++G*method (Table
1). The results show that benzotiophenine is more stable than diethyl sulfiddecause it activation
is less thandi-ethyl sulfide and it contains higher entropy and lower enthalpy and Gibbs free energy.
The zero-point energy is the smallest possible energy in a quantum mechanical systesnowest for
benzotiophenine, indicating a high chemical activityof di-ethyl sulfide. In addition to studying the
structure of pollutants, the thermodynanic parameters of ZnGNT (6-6) with seat structure (6-6)
with the number of atoms (ZnsOs6) are given in Table 1.

Table 1. Thermodynamic properties of the pollutants and naneadsorbent

ZnO-NT(6-6) CH1S  GHeS
Etotal /8. U. -2183.86 -48.06  492.26
Dipole moment/D 0.00 1.75 0.41
Symmetry group S Cv Cs
Zero point energy (ZPE)/kJ.mol 1 793.79 341.44  299.76
He/a.u. -0.47 0.119 0.309
Gla.u. -0.62 0.08 0.27
GC/J.mol 1 602.80 79.43 92.23
S/J.mol -1 1367.92 326.72  337.57

The relationship between chemical structure and biological activity is obtained by QSAR
computational data. This computational model determines the effects of newly synthesized
chemicals.In this study, a threedimensional QSAR model was used to investigate the noovalent
interaction around bonded molecules, which can predict specificity through molecular descripte
and their coefficients. Table 2 shows the computational data of QSAR for investigating the
environmental toxicity of this nano-sorbent. The obtained computational parameters (Min and Max
Elpot/kJ.mol) show that the environmentaltoxicity effectof benzotiophenine, which is an aromatic
compound.

The stability and durability of benzothiophenine are higher than diethyl sulfide and its polarity
parameter in the medium ismore than the aliphatic form of the sulfur compound, so its dissolution
rate is increasedin polar solvents. Polarizability is the electronic distribution of a compound, the
higher reactivity andis increasedthe effects of the compound in the environment. The data obtained
for this parameter in Table 2 show confirmation of the previous results and furthetoxicity effects of
benzothiopheninein the environment.

Table 2. QSAR calculations for the pollutants aththe nancadsorbent

Nano-Cage ZnO-NT(6-6) C4H10S CsHsS
Area/ A2 729.96 134.9 147.28
Volume/ A3 589.17 107.53 133.89
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PSA/A? 587.55 0.00 0.00

Ovality 2.33 1.23 1.16
Acc.Area/ A2 575.59 125.46 143.21
P-Area(75)/ Az 330.94 17.95 11.86
Acc.P-Area(75)/ A2 270.05 12.8 11.86
Min Elpot/kJ.mol -t -144.53 -141.44 -101.89
Max Elpot/kJ.mol -1 233.45 59.33 77.86
Min Loclonpot/kJ.mol -1 60.09 49.26 60.43
Polarizability 39.14 48.0 50.41

To predict the type of products, their strength and stability in a chemical reaction are used from

LUMO (the lowest unoccupied molecular orbit) and HOMO orbitals (the highest occupied molecular

orbit). The interaction between molecules changes the energgvel of HOMO and LUMO, which can
AEmEAAO OEA NOAT 606i DPOTI PAOOEAO 1T &£ 111 AAOI AO OOAE
AEAT EAAT ORIEAAAOODEKIGRAEOU AAOOAO A RA.OreldistaneAT O £A O
between the two energylevels of HOMO and LUMO is called the gap energy)(khich increases the

structure of the compound to make it harder and less reactivdhe quantum properties of molecules

can be calculated from the following relationship$25- 28]:

Ey = ELumo Eromo (1)
s BuwmdtBleomg/2 2)
H = (BumoExomg/2 3)
A Hip 4)
5 BRg )

&)

3 .max=-s T A

Table 3 shows all the quantum parameters obtained by the above equations foanotube and
pollutants. According to Eq. (7), the relationship between electrical conductivity (§and gap energy
(Eg) can be obtainedrom:

Ef exp(-Ey/2KT) ()

where K isthe Boltzmann constant and T is the ambient temperaturézq. (7) shows that reducing
the amount of gap energy(Ey) causesincrease conductivity and electrical conductivity of the
compound or complex, sothe results show benzothiophene has a softer structure and more
conductivity than the aliphatic compound ofdiethyl sulfide.

Table 3. Electrical structure parameters of thenanotube and pollutants
Etumo/eV  EnomoeV Es/eV s TA plev ATAG65STA 3 .uaxeVv

ZnO-NT(6-6) -4.20 -13.68 9.48 -8.94 4.74 -3.74 8.43 1.89
CiH10S 0.24 -8.66 8.9 -4.21 4.45 -3.45 1.99 0.946
CsHeS -0.46 -8.20 7.74 -4.33 3.87 -2.87 2.42 1.12

The smaller the LUMGHOMO strip gap, the softer the structure and the better the electron transfer
process Thus,the molecularchargetransfer (3Nwuax) reflects the electron donor orreceivability of

167



Sajjad Yariet al/ Density Functional Theory Studies of Sulfur Compounds Removal by Zinc

the pollutantsand the nanocadsorbent. Thes .uaxpositive means the transfer of electrons in chemical
reactions from the nano adsorbent to the pollutant.

After simulating and optimizing the structures ofZnO-NT (6-6), diethyl sulfide, and benzothiophene
all probabilities and active sites ofpollutants interaction with ZnO-NT (6-6) are investigated.Figure
3 shows all the active sites and probabilities gbollutants approaching theZnO-NT (6-6). Due to the
structure of the selected nanotube, all the atomat the end ofthe nanotube have the same position
in comparison with each other and all the atoms in the wall of it have the same position.

(1

T )=
b

Figure 3. Approaching the pollutantsto ZnO-NT(6-6) at different spatial positions, I) central axis, 11) end and
[1I) wall of ZnO-NT(6-6)

There are three spatial positions for the proximity of the pollutants tananotube. In spatial positions

1 and 2(Figure 3), due to the exchange of electrons between them, the following chemical interaction
occurs and causes the removal of the.B molecule from the pollutantsand thereaction for GHgS is
as follows:

ZNONT +GsHeS + 2H T ZNONT8 8s#eS + 2H (1%, 2d and 3¢ steps)
ZNONT8 8sMeS + 2Hi GeHs + ZNONT8 81, (4t step)
GsHs + ZNONT8 8,S{ ZNONT + GHs + HS (5t step)

Figure 4 shows thesteps of approaching thebenzothiophenineto the end position on zinc oxideNT.
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Figure 4. Stick modelof benzothiophenine (CsHsS) interaction with the ZnO nanotube in the first position

For diethyl sulfide:

ZNONT +CH10S + 2Hf ZnONT8 8:#10S + 2H (1st, 20d and 34 steps)
ZNONT8 8s#10S + 2HF HS +ZnONT8 8 ¢Hg (4t step)
H.S +ZnONT8 8 gHEf ZNONT + 2GHs + H:S (5t step)

3.1 Thermodynamic Properties

The thermodynamic parameters of the interaction of diethyl sulfide andoenzotiophenine with
nanotube areshown in Tables 4 to 6. In the passng of pollutants through the central axis of the
nanotube, the dipole moment ofdiethyl sulfide increaseswith approachingto nanotube in 1stand 2nd
step. In the 2nd steps, the enthalpy and Gibbdree energy are less, and théth step has more entropy,
in which case the calculatedlipole momentis less as wellFor benzothiophenine pollutants, the first
stage has less enthalpy and Gibbs free energy. In terms of entropy, tBré step also has more
irregularity, in which case the calculatedlipole momentis also lower.Diethyl sulfide shows a greater
tendency topass fromthe central axis of theZnOnanotube, which can be related to its stability and
structural symmetry. The results of the passing of the pollutant through the central axis of the
nanotube show that initially the nanotube shows a highendency to pull inside both pollutants, but
in the middle of the tube it repels it due to the force field entered by the nanotube.

Table 4. Thermodynamic properties of thediethyl sulfide and benzothiophenine passingfrom a central axis
of ZnONT

7n0- Diethyl sulfide Benzothiophenine

Nanotube

1 2 3 4 5 1 2 3 4 5

Etotal /a.U. 2259. 2263. 2411. 2744. 2724. | 1995. 1990. 509.5 8146 1754.
01 92 04 30 99 84 82 8 4 17
Dipole

2.61 3.61 1.77 1.75 1.06 2.50 3.32 1.15 0.86 1.89
moment/D

Zero point 1136. 1131. 1137. 1173. 1129. | 1091. 1090. 1095. 1097. 1103.
energy 59 13 97 07 63 34 60 33 75 47
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(ZPE)/kJ.m
ol-1
Ho/a.u.
Go/a.u.

G/J.mol -1

S/J.mol -1

-0.36
-0.53
682.0
9
1485.
20

-0.36
-0.53
683.0
5
1492.
45

0.34
0.18
685.0
1
1487.
04

0.23
0.06
677.4
8
1469.
07

-0.16
-0.33
685.7
7
1494,
43

-0.28
-0.44
699.3
6
1483.
16

-0.27 0.29
-0.44 0.12
700.1 703.9
0 2
1482.  1498.
63 59

0.17
0.007
700.0

2
1483.
68

-0.18
-0.35
700.0
0
1482.
54

The zinc oxide nanotube tends to absorb sulfur compoundgccording to the calculated structural
parameters for the nanesorbent, the two positions of the wall andend of the nanotube are the
chemically active site for the adsorption ofpollutants (Fig.2). Table 5 showsthe thermodynamic
parameters of the conversion ofliethyl sulfide andbenzothiophenineon the end ofZnO-nanotube.

In the 3d step, an interface is created between the pollutant and the nanotubln the 4h step, the
electron exchange of the product occurs, which is the release of$igas which the bipolar moment
reaches its maximum amount at this stage and indicates the progress of the reaction to the products
That it is the removal of sulfur atoms from the composition Other thermodynamic parameters
indicate the spontaneity of the reaction and the tendency of the nanotube to exchange electron and
the reaction to remove HS gas.

Adsorption of benzothiophenine pollutant on the end of nanotube, ® and 3¢ steps have less
enthalpy and Gibbs free energylhe obtained entropy values also confirm thisthe reactions always
lead to moreirregularities. The calculated bipolar moment is also less.

Table 5. Thermodynamic properties of thediethyl sulfide andbenzothiophenineadsorption and converted to
products on end ofZNONT

ZnO- Diethyl sulfide Benzothiophenine
Nanotube
1 2 3 4 5 1 2 3 5

Bowfau. [ -2267.5 50474 1789.08 2447.00 249545 | 18995 17814 99887 1615 o o) 46
Dipole 149 199 574 1157 947 062 095 453 340  7.75
moment/D

Zero point
(Zpg?ﬁ(’?ﬁml_ 121530 1215.1 1222.69 1236.8 1218.37 | 1152.84 1152.3 115491 1141.8 1152.66

1

Ho/a.u. 033 -024 -014 -052 -041 | -020 -017 -020 -0.11 -0.16
/a.u. 050 -041 -032 -035 -059 | -037 -034 -038 -028 -0.33
G/imolt | 71148 71343 709.17 699.04 707.25 | 729.42 728.01 727.01 730.82 727.12
9/Jmolt | 153357 1539.1 1533.36 1508.8 1525.90 | 1537.30 1529.6 1527.15 1537.8 1527.20

Computational dataof the adsorption and conversion of bothpollutants on the wall of zinc oxide
nanotubes are shown in Table &rom theresults, the end of the nanotube shows a greater tendency
to adsorb and convertpollutants. They show that the wall spatial position of the nanotube tends to
adsorb and convertdiethyl sulfide.
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The rate of structural change and electron transfer is greater gmllutants approachto the end of the
nanotube.The adsorption reaction ismost stableg has the most negative energyenthalpyj 3 (a@d
free energy; 3 ;a@b also has the highest entropy 33

Comparing the data obtained in Tables tb 6, both contaminants are more likely to interact with the
end of nanotube. The electron transfer between the nanotube and the pollutant hasccurred. This
interaction is beneficial to the system and brings more stability. In comparison wittthe two
pollutants, the lowest energy is related to diethyl sulfide, whichhas a high electron density. In all
structures, the contaminant moves along the length after conversion and moves away from the edges.
It can be concluded that the interactions that were closer to the active si of the nanotube were
more favorable for the system.

Table 6. Thermodynamic properties of thediethyl sulfide and benzothiophenineadsorption and converted to
products onthe wall of ZNO-NT

ZnO- Diethyl sulfide Benzothiophenine
Nanotube
1 2 3 4 5 1 2 3 4 5
Boafau. 1557308 18444 150366 16275 1917.1| 185537 1872 81392 ,q664 267258
Dipole 156 209 1046 628 6.80 | 054 192 732 880  9.05
moment/D
Zero point
energy

(ZPE)/kJ.mol - 1206.53 1214.40 1244.94 1227.9 1222.4| 1152.89 1153.59 1194.24 1175.5 1151.08
1

Ho/a.u. -0.33 -0.17 1.12 -0.08 -0.19 -0.19 -0.20 0.21 1.53 0.48
G/a.u. -0.51 -0.34 0.94 -0.25  -0.37 -0.37 -0.38 0.04 1.36 0.30
G/J.mol 1 716.25 715.12 71539 704.59 706.13| 729.39 729.48 721.88 720.43 728.04
S/J.mol -1 1540.87 1546.23 1534.98 1512.8 1519.9 | 1537.34 1529.91 1512.14 1508.1 1528.41

3.2 The Electron Structure Parameters

Tables 7 and 8 show the structural parameters computed for the interactiors. For ions and
polyatomic molecules, hardness and softness are closely related HOMO and LUMO energyVith
the formation of the complex (steps), the gap energiEg) increases so the structure becomes harder
This means that thechemical species arsofter, thegap energies aresmaller,and aremore reactivity
occurs between them.The E is calculated for ZnGNT (6-6) (Eg= 9.489 eV) both pollutants are
reduced by closing it For adsorption of diethyl sulfide on the end of Zn@NT, this reduction reaches
4.53 eV,indicating a greater tendency of theend of the nanotube to react with sulfur compounds
(Table 7).

The HOMO and LUMO energy level have changed for steps 1 t@te gap energy (B increases with
the entry of sulfur compounds into the nanotube up to the fourth stage, which indicates a decrease
in the conductivity of the nanotube by passing these compounddrough the central axis and
conductivity has increasedn 5t step (Tables 7 and 8)

Table 7. Electrical structure parameters of the interaction of diethyl sulfide and nanotubes
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Nano- K
Sorbent State | Eumo/eV  EnomdeV Ejev s T A ey A TACOSTA 3 .maxeV

N%”é)'e -4.20 1368 948 -894 474 374 843 1.89

Passing of (6-6)
Diethyl 1 4.13 9.26 513 -6.69 256 -156 8.74 2.61
Sgg'rifal'” 2 -4.10 -9.89 579 -699 289 -189 845 2.42
axis of 3 4.32 1024 592 -7.28 296 -1.96 895 2.46
nanotube 4 4.28 10.37 6.09 -7.32 304 -2.04 881 2.40
5 4.24 -9.89 565 -7.06 282 -182 8.84 2.50
Adsorption 1 418 -8.71 453  -6.44 226 -1.26 9.17 2.85
of Diethyl 2 -4.15 -8.99 484 657 242 -142 891 2.71
Su'f'%e ?E” 3 415 9.58 543 -6.86 271 -171 8.68 2.53
end o 4 -4.02 1224 822 -813 411 -311 804 1.98

nanotube
5 -4.01 1198  7.97 -7.99 398 -2.98 8.02 2.00
Adsorption 1 -4.18 878 460 -648 230 -130 913  2.82
of Diethyl

sulfide on 2 416 9.14 498 665 249 -1.49 8.88 2.67
outer wall 3 -4.07 9.79 572 -6.93 286 -1.86 8.40 2.42
of 4 -3.95 10.92 697 -7.43 348 248 7.93 2.13
nanotube 5 -3.99 -11.49 7.50 -7.74 3.75 -2.75 7.99 2.06

Molecular orbital analysis HOMO- LUMO shows that the molecular orbitals ofHOMOfor the two
pollutants in all states are on the surface giollutants-zinc oxide nanotube The molecular orbitals of
LUMO are just on the nanotubes. The obtained data show that the electron transfer between
benzothiophenineis higher than diethyl sulfidebecauseis related to its aromatic structure.

In their structure s, 3 .maxeV shows that the distribution of electron chargeis continuous between
the pollutant and nanotube andindicates the presence of chemical interaction and electron transfer
between them In general,increasing the softnessdecreasing the hardness andap energy with the
pollutants approaching the nanotube indicates a higher reactivity and different locations of the
nanotube, thus having a more suitable loading property to reduce sulfur compounds.

Table 8. Electrical structure parameters of benzothiophenine an&nO-NT nanotube

Nano- Sorbent | State | E.umo/eV  EnomdeV EgeV s T /euv KTA S5TA 3 .uaxeV
ZnO-
NT(6- | -4.20 -13.68 948 -894 474 -3.74 8.43 1.89
6)
Passing of 1 4.14 9.19 505 -6.66 252 -1.52 8.80 2.64
benzothiophenine
in central axis of 2 -4.16 -9.89 573 -7.02 286 -1.86 861 2.45
nanotube 3 -4.28 -10.46  6.18 -7.37 3.09 -2.09 8.79 2.38
4 -4.24 -10.29  6.05 -7.26 3.02 -2.02 8.73 2.40
5 -4.20 -10.31 611 -7.25 3.05 -2.05 8.62 2.37
Adsorption of 1 -4.19 8.68 449 -6.43 224 -124 922 2.87
benzothiophenine
on end of 2 -4.14 -8.95 481 -654 240 -1.40 891 2.72
nanotube 3 -4.04 -9.77 573 -6.90 286 -1.86 8.32 2.41
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4 -3.96 -9.82 586 -6.89 293 -193 8.10 2.35

5 -3.95 -9.97 6.02 -6.96 3.01 -2.01 8.05 231

: 1 -4.19 -8.75 456 -6.47 228 -1.28 9.18 2.84
Adsorption of

benzothiophenine 2 -4.17 -9.07 490 -6.62 245 -145 894 2.70

on outer wall of 3 -4.09 -9.54 545 -6.81 272 -1.72 852 2.50

nanotube 4 -4.12 -9.35 523 -6.73 261 -1.61 8.67 2.58

5 -4.03 -9.67 564 -6.85 282 -1.82 8.32 2.43

Theadsorption energy (E.) of the interaction between them is calculated by the following equatian
Ead=Exnt - [ExtEnt] (8)

In this equation, the Enr, B, and Byt are the total energy of the created complex in thadsorption of
pollutant on the ZnOnanotube, the total energy of the pollutant and the nanotube energy
respectively.

Table 9 shows thesulfur compounds on nan@rbentss indicating the chemical adsorption The
interaction of chemicak betweenthem increases the adsorption energy. This energy is much higher
than the adsorption energies in the physicaladsorption range, so this adsorption is considered
chemical. The structure of sulfur canpounds after adsorption in different places of nanotubes
undergoes significant changesThe exchange of electrons between them releases sulfur atoms in the
form of H.S.

Table 9. Adsorption energy (Ed/eV) of the diethyl sulfide and benzothiophenine passing,adsorption and
converted to productsby ZnONT

Diethyl sulfide Benzothiophenine
Zn0O-
Nanotube . Adsorption  Adsorption . Adsorption  Adsorption
Passing Passing

on end on wall on end on wall
1 -27.09 -35.58 -42.06 -304.24 -163.90 -163.77
2 -32.00 194.52 387.52 -299.22 -90.00 -183.60
3 -179.12 442.84 48.06 1182.02 692.73 877.68
4 -512.38 -215.08 604.42 876.96 76.6 -974.70
5 -493.07 -263.53 314.82 -62.57 -80.76 -980.98

4. CONCLUSION

In this study, the efficiency and sensitivity of zinc oxide nanotubesis investigated in terms of
thermodynamics and electricity against sulfur contaminants such as diethyl sulfide and
benzothiophene by B3LYP/6-31++G* method. Usingthe NBO method the amount of HOMO and
LUMO energy is calculated The probability of the contaminants interacting with the zinc oxide
nanotubes is simulated and the proposed mechanism is investigated thermodynamically and
structurally. Three probabilities of pollutants passing through thecentral axis, their adsorption and
conversion were evaluated on the end and wall of the nanotube.
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Reducing the amount of free energy and enthalpy of reaction formation indicates that the proposed
probabilities are desirable and spontaneous. Increasing & entropy of different positions of
nanotubes against pollutans indicates the greater probability of that state in the real environment.
The results show that the spatial positions of ZnO nanotubes act the same for two pollutarier both
pollutants, they are more likely to be adsorbed on top of the nanotube than on the wall. Interaction
of aliphatic compounds with zinc oxide nanotubes is also more likely. As the sulfur compounds
approach, the conductivity of the oxide nanotube increases. Computationaltdsshow that oxidized
nanotubes work well to identify and desulfurize aliphatic and aromatic compounds and can be used
in sensors, filters and nanosorbents.
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