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B12N12 nanocage as a potential adsorbent for the removal of aniline from
environmental systems
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Density functional theory (DFT) calculations at the B3LYP/6-31G" level were performed to investigate aniline
adsorption on a B12N12 nanocage in terms of energetic, geometric, and electronic properties. It was found that aniline is
more likely adsorbed via its nitrogen atom on the B12N12 surface. The adsorption energy of aniline on the nanocage in
the most stable state is -24.95 kcal/mol and about 0.34|e| is transferred from the aniline molecule to the nanocage. The
calculated density of states shows that the electronic properties of the B12N12 nanocage are changed after the aniline
adsorption process. Fermi level is dramatically changed from —4.28 ¢V in the pristine nanocage to higher energies after
the aniline adsorption, which decreases the work function of the nanocage. The results show that the B12N1, nanocage
can be used for adsorption of toxic aniline molecules from environmental systems.
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INTRODUCTION

Aniline (CgHsNHz) is an important organic
compound due to its wide applications in the
manufacturing of dyestuffs, rubbers, pesticides,
plastics and paints [1]. Aniline is released
throughout the environment by industrial
wastewater and/or through degradation of some of
the above mentioned compounds [2-3]. Much
attention should be taken concerning the
contamination of groundwater because aniline is a
toxic and persistent pollutant that is very harmful
not only to aquatic life but also to humans [4- 5].
Aniline is toxic by inhalation of the vapor,
ingestion, or contact with the skin. Therefore, it is
very important to remove aniline from wastewater
or environment.

In recent years, there have been several studies
on the removal of aniline from wastewater [6-7].
However, these methods cannot be currently widely
applied due to high cost, long duration, etc.
Therefore, further study of aniline adsorption is an
important task. Among different methods, using
nanostructures as adsorbents is an interesting
approach because of their unique physical and
chemical properties including high surface/volume
ratio and very sensitive electronic properties. For
example, the adsorption of simple molecules on
nanostructures has a considerable potential for
applications in surface modification [8], fuel cells
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[9], gas sensors [10] and hydrogen storage [11].
Among nanostructures, boron nitrides (BN)x are
isoelectronic to the fullerenes and have attracted
considerable attention due to their high-temperature
stability, low dielectric constant, large thermal
conductivity, wide-band gap, and oxidation
resistance [12-14]. Seifert et al. [15] showed that
B12N12, B1sNig and BogNog are magic BN fullerenes
and Bi2Ni, appears to be more stable than the
others. Oku et al. [16] have synthesized Bi2Ni»
nanocage by laser desorption time-of-flight mass
spectrometry, showing that these clusters consist of
eight hexagon rings and six tetragon rings. The aim
of this research is to investigate theoretically the
adsorption of aniline on a B12N12 nanocage based
on the analysis of structure, energies, stability, and
electronic properties using density functional theory
(DFT) calculations.

COMPUTATIONAL METHODS

Spin-unrestricted B3LYP/6-31G* level of
theory was used to describe the adsorption of
aniline on surfaces of B1N1, nanocage, specifically
the geometry optimizations, energy calculations,
and density of states (DOS) analysis. B3LYP is the
commonly used approach for investigations of
different nanostructures [17-18].

This method was used to calculate the
adsorption energy (Eag) of aniline on the surface of
B12N12 nanocage as follows:

Ead = Eanitine/s12n12 - [EB12n12 +Eaniline]

Eq. (1)
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where Eaniinessioni2 1S the total energy of the
complex (adsorbed aniline molecule on the B12Ni2
surface), Egianizand Eaniiine are the total energies of
the pristine Bi2Ni» nanocage and the aniline
molecule. Negative or positive value for Eaq is
referred to exothermic or endothermic processes,
respectively. The canonical assumption for a Fermi
level is that in a molecule at 0 K it lies
approximately in the middle of the energy gap (Ey).
Also, the chemical potential of a molecule lies in
the middle of the Eg Therefore, the chemical
potential of a free gas of electrons is equal to its
Fermi level as traditionally defined. Herein, the
Fermi level of the considered systems is at the
middle of the Ey. All calculations were carried out
using the GAMESS suite of programs [19].

RESULTS AND DISCUSSION

The structure of the optimized B1.N12 hanocage
is shown in Fig. la. It is formed from eight 6-
membered (hexagon) rings and six 4-membered
(tetragon) rings with Tn symmetry so that the
calculated electric dipole moment is zero.
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Fig. 1. Structural parameters (a) and electronic density of
states (DOS) (b) for the optimized structure of the B12N12
nanocage.
Two types of B-N bonds are identified in the
B12N1, nanocage, one with a bond length of 1.44A
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which is shared between two hexagon rings, and the
other with a length of 1.49A which is shared
between a tetragon and a hexagon ring. The results
are in good agreement with those obtained by
Beheshtian et al. [20]. The natural bond orbital
(NBO) population charge analysis showed a net
charge transfer of 1.17 |e| from B to N atom in the
nanocage, indicating an ionicity nature. The angles
in the 4-membered and the 6-membered rings in
B12N12 nanocage vary from 80.5° to 98.2° and from
111.0° to 125.8°, respectively.

In order to find the minimum adsorption
configurations of single aniline adsorbed on the
B12N1> nanocage, various possible adsorption
structures were considered. The molecular
electrostatic potential (MEP) surfaces of single
aniline are shown in Fig. 2. As can be seen, the
partial negative charge on the N atom and phenyl
group of aniline makes it reactive toward the Lewis
acid sites of B atoms. Therefore, aniline can
approach the walls of the nanocage via the N atom
(amino group) and/or via the phenyl ring (n-n
interaction). Finally, only two local minima
structures were obtained for the adsorption of
aniline via the phenyl group and three stable
structures via the nitrogen atom that are shown in
Figs. 3 and 4.

+0.041

-0.041

Fig. 2. Molecular electrostatic potential surface of the
aniline molecule. The surfaces are defined by the 0.0004
electrons/b3 contour of the electronic density. Color
ranges, in a.u.
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Fig. 3. Models for three different physisorption configurations and their density of states (DOS) plots. Distances are in

As shown in Fig. 3, configuration A shows an
interaction between the carbon atoms of aniline
molecule (phenyl group) and the B atoms of a

tetragon ring of the nanocage so that the two C
atoms of aniline are closer to one B atom of the
nanocage with distances of 3.25 and 3.40A. In this
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4., Models for two different chemisorption configurations and their density of states (DOS) plots. Distances are in A.

configuration, a net charge of 0.02 electrons is
transferred from the aniline to the nanocage and Eaq
is about —2.04 kcal/mol (Table 1). The above
results indicate that this interaction is weak and
should be considered as physisorption. Another
aniline physisorption approach is shown in Fig. 2B
in which the aniline molecule is located atop of a
hexagon ring and its hydrogen atoms, so that the
distances between the two H atoms of aniline and
the two N atoms of the hexagon ring are 2.86 and
2.54A, respectively. This configuration has an Eag
of —2.23 kcal/mol and does not show charge
transfer to take place between aniline and Bi2Ni,
nanocage. In Fig. 2, configuration C, the aniline
molecule weakly interacts with the B12N1» nanocage
through van der Waals forces and via the phenyl
group. The smallest distance of the molecule to the
nanocage is found to be 2.94A. Based on the
natural bond orbital charges (NBQO) analysis, a net
charge of 0.04 electrons is transferred from aniline
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to the nanocage and its corresponding calculated
Ea value is —2.41 kcal/mol, indicating that the
interaction is physisorption in nature. Moreover, the
adsorption of aniline on the nanocage in the above
complexes has no local structural deformation on
both the aniline molecule and the nanocage. The
small Eaq values and the large interaction distances
in the above aniline/B12N12 complexes indicated
that aniline cannot be significantly adsorbed on the
sites and undergoes weakly physical adsorption on
the pristine nanocage.

Covalent functionalization is the other type of
interaction between aniline and the BN
nanocage, so that the N atom of the molecule is
bonded to one B atom of the nanocage (Fig. 4). The
Ea for the configuration D (—24.37 kcal/mol) is a
little smaller than that of E (—24.95 kcal/mol) with
a rather significant NBO charge transfer of 0.34e|
from the aniline to the nanocage. Therefore, the B
atoms of the nanocage are a thermodynamically



M. T. Baei, H. Mohammadian et al: B12N12 nanocage as a potential adsorbent for the removal of aniline from

more favorable site for the adsorption of aniline
because the partial negative charge on the N atom
of aniline makes it reactive toward the Lewis acid
sites of the B atoms. The corresponding interaction
distance between the B atom of the nanocage and
the N atom of aniline for configurations D and E is
1.66 and 1.65 A, respectively. Also, the electric
dipole moment has increased from 0.00 Debye in
the pristine nanocage to 8.35 and 8.38 Debye in the
configurations D and E. Small bond length of
B...N, significant change in dipole moment, and
more negative E.q for the applied configurations
indicate that the aniline binds to the exposed B
atom and can receive electrons from the lone pair
orbital of nitrogen. In addition, the adsorption of
aniline in these configurations shows almost local
structural deformation on both the aniline molecule
and the B12Ni2 nanocage. The C-N bond length of
aniline increased from 1.40 A in the isolated aniline
to 1.46 A in the adsorbed state. Also, the length of
B-N bonds in the pristine B12Ni> increased from
1.44 and 1.49A to 1.52 and 1.56 A in configuration
D and to 1.51 and 1.57 A in configuration E for B—
N bonds located in immediate neighborhood of the
aniline molecule. All above indicates that aniline is
strongly chemisorbed on B12Ni2 and the nanocage
can be a promising candidate for the adsorption of
aniline from environmental systems.

However, in order to investigate the effect of
adsorption of the aniline molecule on the electronic
properties of the Bi2Ni» nanocage, the total
densities of states (DOS) of aniline/Bi12Ni2
complexes were studied. As shown in Fig. 1b and
Table 1, the calculated energy gap (Eg=ErLumo -
Enomo) of the Bi2Ni; nanocage is 6.85 eV,
indicating that the nanocage is an insulator. DOSs
for different models of the aniline/B12N12 complex
are shown in Figs. 2-4. In comparison to the DOS
of the pristine Bi2N:i2 nanocage and the
physisorption configurations A, B, C, it is found
that their Eg values have changed in the range of

26.57-37.96 % after aniline adsorption. The results
show that the electronic properties of the BioNi
nanocage are sensitive to aniline in the
configurations. Also, the Eg values for the
chemisorption configurations D and E have
changed in the range of 14.31-15% after aniline
adsorption, indicating that the changes in the
electronic properties of the nanocage from
physisorption to chemisorption are reduced. Also,
the Eq4 value for all aniline/B12N1> complex models
is reduced which might result in an electrical
conductivity change of the nanocage according to
the following equation [21]:
(-E,

—z
o< eXPKZkT) Eq. (2)

Where o is the electric conductivity of the
complexes and k is the Boltzmann’s constant.
According to the above equation, smaller E; at a
particular temperature leads to a higher electric
conductivity. Table 1 indicates that the Fermi level
energy (Er.) of the aniline/B12N1> complex models
is increased. This increase in Er. with aniline
adsorption leads to a decrement in the work
function which is important in field emission
applications. The decrement in the work function
shows that the field emission properties of the
complexes are improved upon aniline adsorption.
The values of the induced electric dipole moment
(Dwv) vector obtained from these calculations
increased with aniline adsorption, thus increasing
the reactivity of the nanocage.

In order to interpret the aniline interaction with
the B12N12 nanocage, we drew plots of the HOMO
and LUMO for the most stable structure
(configuration E). As shown in Fig. 5, after aniline
adsorption, the HOMO is more localized on the
nanocage. Energy level of HOMO in this
configuration is -6.75 eV, indicating that it has
become less stable upon aniline adsorption due to

Table 1 Calculated adsorption energy (Eaq, kcal/mol ), HOMO energies (Enomo), LUMO energies (ELumo), HOMO-
LUMO energy gap (Eg), and Fermi level energy (Er.) of the systems in eV, sum of NBO charges on the adsorbed

aniline (Qr), and dipole moment (Dw) in Debye.

Structure Ead EnHomo ELumo Eq 2AEg(%)  "Qrle| ErL Dwm
B12N12 - -71.71 -0.86 6.85 - - -4.28 0.00
A -2.04 -5.53 -0.63 4.90 28.47 0.02 -3.08 2.72

B -2.23 -5.30 -1.05 4.25 37.96 0.00 -3.18 2.35

C -2.41 -5.63 -0.60 5.03 26.57 0.04 -3.12 3.52

D -24.37 -6.72 -0.87 5.85 15.00 0.34 -3.76 8.38

E -24.95 -6.75 -0.88 5.87 1431 0.34 -3.82 8.40

aChange in HOMO-LUMO gap of B12N12 nanocage after aniline adsorption
bQ is defined as the total natural bond orbital charges on the aniline molecule and positive values mean charge transfer

from the aniline molecule to the B12N12 nanocage
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HOMO

Fig. 5. HOMO and LUMO profiles of configuration E.

stronger charge transfer of aniline to the nanocage
(energy level of HOMO of pristine B12N12
nanocage is -7.71 eV). On the other hand, LUMO
for the configuration is localized on the aniline
molecule, indicating that the LUMO has not
contributed to the adsorption process. However, the
study of the electronic properties of B12N12 shows
that the aniline molecule is strongly chemisorbed
on the B12N12 and the nanocage can be used for
aniline adsorption in environmental systems.

CONCLUSIONS

Aniline is adsorbed on the Bi2Ni» nanocage
surface in molecular form through interaction of the
amino group with surface active sites (B atoms).
The mechanism of the intermolecular interaction
between aniline and the B12N1, nanocage surface is
mediated through donation of an electron lone pair
from the amino group to the Lewis acid sites of the
B atoms. Adsorption energy of aniline on B12Ni2 in
the most stable configuration was calculated to be -
24.95 kcal/mol with a charge transfer of 0.34|e|
from aniline to the nanocage. The calculations also
indicated that attachment of the aniline on the
surface of the B12N1» nanocage induces changes in
the electronic properties of the nanocage and its Eq
is reduced after the adsorption process. With aniline
adsorption the work function decreased which may
facilitate the field electron emission from aniline to
the B12Ni» surface. The results showed that the
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B12Ni2 nanocage can significantly attach aniline
molecules and the pristine B12N12 hanocage can be
an efficient potential adsorbent for adsorption of the
aniline from environmental systems.

REFERENCES

1.Z.Z. Rappoport (ed.), The Chemistry of Anilines: Part
1. The Chemistry of Functional Group Series, Wiley,
New York, 2007.

2.R.D. Voyksner, R. Straub, J.T. Keever, H.S. Freeman
and W.N. Hsu, Determination of aromatic amines
originating from azo dyes by chemical reduction
combined  with  liquid  chromatography/mass
spectrometry, Environ. Sci. Technol., 27 (8), 1665—
1672 (1993).

3.S. Laha and R.G. Luthy, Oxidation of aniline and other
primary aromatic amines by manganese dioxide,
Environ. Sci. Technol., 24 (3), (1990) 363-373.

4.U.S. Environmental Protection Agency, Health and
Environmental  Effects Profile for  Aniline,
Environmental Criteria and Assessment Office,
Office of Health and Environmental Assessment,
Office of Research and Development, Cincinnati,
OH, 1985.

5.U.S. Department of Health and Human Services,
Hazardous Substances Data Bank (HSDB, online
database),  National  Toxicology Information
Program, National Library of Medicine, Bethesda,
MD, 1993.

6.X. Gu, J. Zhou, A. Zhang, P. Wang, M. Xiao and G.
Liu, Feasibility study of the treatment of aniline
hypersaline wastewater with a combined adsorption/



M. T. Baei et al: B12N12 nanocage as a potential adsorbent for the removal of aniline from environmental systems

bioregeneration system, Desalination, 227, 139-149
(2008).

7.P.C.C. Faria, JJ.M. Orfao, J.L. Figueiredo, M.F.R.
Pereira, Adsorption of aromatic compounds from the
biodegradation of azo dyes on activated carbon, Appl.
Surf. Sci. 254, 3497-3503 (2008).

8.X. Wu, W. An X. Z Zeng, Chemical
Functionalization of Boron-nitride Nanotubes with
NHs; and Amino Functional Groups, J. Am. Chem.
Soc. 128, 12001-12006 (2006).

9.S. J. Hwang, J. W. Kim, S. J. Yoo, J. H. Jang, E. A.
Cho, T. H. Lim, S. G. Pyo, S. K. Kim, Stabilizer-
mediated Synthesis of High Activity PtFe/C
Nanocatalysts for Fuel Cell Application, Bull.
Korean Chem. Soc. 33, 699-702 (2012).

10.0.K. Tan, W. Cao, Y. Hu, W. Zhu, Nano-structured
oxide semiconductor materials for gas-sensing
applications, Ceramics International 30, 1127-1133
(2004).

11.P. Chen, X. Wu, J. Lin, K. L. Tan, High Hz Uptake
by Alkali-Doped Carbon Nanotubes Under Ambient
Pressure and Moderate Temperatures, Science 285,
91-93 (1999).

12.R.T. Paine, C.K. Narula, Synthetic routes to boron
nitride, Chem. Rev. 90, 73-91 (1990).

13.T. Oku, T. Hirano, M. Kuno, T. Kusunose, K.
Niihare, K. Suganuma, Synthesis, atomic structures
and properties of carbon and boron nitride fullerene
materials, Mater. Sci. Eng. B 74, 206-217 (2000).

14.T. Oku, M. Kuno, H. Kitahara, I. Nartia, Formation,
atomic structures, and properties of boron nitride and
carbon nanocage fullerene materials, Int. J. Inorg.
Mater. 3, 597-612 (2001).

15.G. Seifert, R. W. Fowler, D. Mitchell, D. Porezag,
and T. Frauenheim, Boron-nitrogen analogues of the
fullerenes: electronic and structural properties, Chem.
Phys. Lett. 268, 352-358 (1997).

16.T. Oku, A. Nishiwaki, I. Narita, Formation and
atomic structure of B12N12 nano-cage clusters studied
by mass spectrometry and cluster calculation, Sci.
Technol. Adv. Mater. 5, 635-645 (2004).

17.M.T. Baei, A.V. Moradi, M. Moghimi, P. Torabi,
The influence of NH3-attaching on the NMR and
NQR parameters in the (6,0) zigzag single-walled
BPNTSs: a density functional study, Comput. Theoret.
Chem. 967, 179-184 (2011).

18.J. Beheshtian, M.T. Baei, A. A. Peyghan, Theoretical
study of CO adsorption on the surface of BN, AIN,
BP and AIP nanotubes, Surface Science 606, 981-

985 (2012).
19. M. Schmidt, et al., General atomic and molecular
electronic structure system, Journal of

Computational Chemistry 14, 1347 (1993).

20.J. Beheshtian, Z. Bagheri, M. Kamfiroozi, A.
Ahmadi, Toxic COdetectionbyB12N12 nanocluster,
Microelectronics Journal 42, 1400-1403 (2011).

21.S. S. Li (2006), Semiconductor Physical Electronics,
2" ed., Springer, USA.

741



M. T. Baei et al: B12N12 nanocage as a potential adsorbent for the removal of aniline from environmental systems

B12N12-HAHOKJIETKA KATO ITIOTEHIIUAJIEH AJICOPBEHT 3A OTCTPAHABAHETO HA
AHWJIMH B OKOJIHATA CPEJIA
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Tloctenmna Ha 16 nexemBpu, 2013 r.; Kopurupana 11 pespyapu, 2014 r.
(Pestome)

Usebpuienu ca npecmstane Ha the B3LYP/6-31G™-nuBo mo TeopusaTa Ha (QyHKLIMOHAJIHATA TEOPHS HA IOJIETO
(DFT) 3a u3cnenpaHe Ha agcopOuuMsTa HA AHWIMH B HaHOKIeTKa OT Bi1oNip KaTo €HepreTHYHH, TeOMETPHYHH U
CJICKTPOHHM OTHacsHUA. HamepeHo e, ue aHMIMHBT ce agcopOupa upe3 CBOS a30TCH aTOM B MOJIEKyJlaTa CH Ha
noBbpxHOcTTa Ha B1oNip. AncopOunoHHaTa eHepruss Ha aHWIMHA BbPXY HAHOKIJIETKAaTa B Hall-CTaOMJIHOTO CH
cberosinne e -24.95 kcal/mol u oxono 0.34|e] e mpeHeceHaTa OT MOJEKyJaTa Ha aHUIMHA KbM HAHOKJIETKATA.
ITpecmeTHaTaTa eHEprust Ha CHCTOSHHUETO MOKA3Ba, Ue EIEKTPOHHHUTE CBONCTBA HA HaHOKJIeTKara Bi1oNi» ce mpomensar
npu ancopbuusta Ha aHwiuH. HuBoto Ha Fermi ce mpomeHs apactuuHo oT —4.28 €V B HayajgHaTa HaHOKJIETKA JIO
BHCOKH €HEPTUH CIIEH aAcopOIuiTa Ha aHWINH, KOUTO HaMalsBaT paboTaTa B HAHOKJIETKaTa. Pesynrarute nmokassar, 4e
HaHOKJeTKaTa B12N12 MOXke f1a ce n3mossBa 3a agcopOums Ha aHWIMHOBH MOJIEKYJIH B CHCTEMH OT OKOJIHAaTa cpefa.
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