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Separation of cyanide from an aqueous solution
using armchair silicon carbide nanotubes: insights
from molecular dynamics simulations

Alireza Khataee,* Golchehreh Bayat and Jafar Azamat

Separation of cyanide, as a model contaminant, from agueous solution was investigated using molecular

dynamics simulations. In this research, cyanide separation was investigated using armchair silicon carbide
(SiC) nanotubes of four different diameters at different applied pressures. The systems included (5,5),
(6,6), (7,7) and (8,8) SiC nanotubes placed between two graphene sheets, and an external pressure was
applied to the system. The ion permeability, the radial distribution function of nanotube—-water and ion—
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water, the retention time of the cyanide ions, the density of water and water flux and the hydrogen

bonding between inner water molecules were investigated. The results showed that all four studied

DOI: 10.1039/c6ra25991j

www.rsc.org/advances rejection (100%) of cyanide ions.

1. Introduction

Cyanide is a damaging and poisonous pollutant, which
threatens the environment and human health. Cyanide is
widely used in diverse industries including electroplating,
mining, photoprocessing, fertilizer production, gas production,
pharmaceuticals and plating.' The existence of cyanides in
wastewater poses a high risk and hence, it should be removed
from wastewaters before release.” Cyanides cause extensive fish
death and affect the microscopic and invertebrate organisms in
water. It is also toxic and damaging for human health, causes
neurological effects (quick breathing, tremors), weight loss,
nerve injury and disease. Skin contact with cyanides may
produce irritation and sores.*”

There are different ways of treating cyanide-containing
wastewaters, including chemical oxidation, physical methods
and biological processes.®*® For example, Simsek et al. con-
ducted column and batch studies with a Purolite resin in order
to remove cyanide ions from aqueous solutions." Moreover,
Hijosa-Valsero et al. tested plasma discharge technology for
cyanide removal from water with an initial concentration of 1
mg L~".** They proposed a coaxial DBD plasma reactor only for
the treatment of dilute solutions such as drinking water. In
another study, Sarla and coworkers studied the oxidation
process of cyanide in aqueous solutions with H,O, as the
oxidant and Cu®" as the catalyst. They found that chemical
oxidation by H,0, is slow, whereas by UV/H,0, it is much faster,
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nanotubes accepted water molecules into their interiors, and the (5,5) SiC nanotube could provide high

and in both cases, Cu®>" accelerated the oxidation process,
acting as a catalyst.'” In a similar study, the oxidation process of
free cyanide with H,0, catalyzed by activated alumina was
studied by Chergui et al. They claimed that their proposed
method had advantages over the method based on copper
catalyst.”

Akcil et al. investigated the biological degradation of cyanide
by specific bacteria. These bacteria could efficiently degrade
cyanide into less toxic compounds, namely ammonia and
carbonate." In addition, various biodegradation methods for
cyanide removal were introduced in a review by Ibrahim et al.*®

Some of these methods are not economical or environmen-
tally friendly because of the application of dangerous chemical
reagents. Moreover, they produce poisonous residues and
cannot completely reduce all cyanide complexes.*'®

In this regard, for water purification and to meet qualification
requirements, nanotechnology has emerged as a novel and
powerful tool.”*®* Nanotubes are an excellent and appropriate
choice as ion selective materials.**** Although carbon nanotubes
have received more attention,**>* other materials, such as boron
nitride (BN)*** and silicon carbide (SiC),*” can also be used to
fabricate nanotubes. SiC nanotubes were first synthesized in
2001.”® They exhibit better reactivity than carbon nanotubes due
to their polar nature.” For example, theoretical studies have
shown that SiC nanotubes are an excellent material for hydrogen
storage.*” According to these studies, SiC nanotubes exhibit a H,
binding energy that is 20% greater than that of carbon nano-
tubes. In another study, the capability of SiC nanotubes as
a sensor for formaldehyde detection was demonstrated. CH,O
molecules were chemisorbed to SiC nanotubes with a more
noticeable adsorption energy, relative to that of carbon nano-
tubes. Zhao et al studied the catalytic behavior of SiC

This journal is © The Royal Society of Chemistry 2017
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nanotubes. Their theoretical calculations showed that SiC
nanotubes can efficiently break the N-H bond of ammonia and
the O-H bond of H-OX (X = H, CHj;, and C,H;).** Moreover,
some researchers have shown the ion selectivity of SiC nano-
tubes.”"** In our previous study, separation of nitrate ions was
studied using armchair SiC nanotubes. We found that (8,8) SiC
nanotubes can remove nitrate ions from aqueous solutions.** In
a similar study, Hilder and coworkers demonstrated the ion-
selectivity of (6,6) and (7,7) SiC nanotubes. They found that no
sodium ions were able to pass through the nanotubes, whereas
chloride ions were able to pass.”

Fluid-particle dynamics simulations consist of computa-
tional methods for macroscale (smoothed particle hydrody-
namics (SPH)),*® mesoscale (dissipative particle dynamics
(DPD)),** and microscale (molecular dynamics (MD)) systems.*>
In the field of computational chemistry, MD simulation is an
invaluable method for studying the atom flow through nano-
pores.**® The atom resolution can be simulated accurately via
MD, and therefore it is possible to investigate the transport
characteristics because of the tunable long timescale of MD,
which allows researchers to collect adequate statistics. More-
over, numerous permeation events for single ions and water
molecules through nanopores can be studied via MD.*” Thus, in
this study, the passage of cyanide ions through SiC nanotubes
under pressure was studied via MD simulations.

2. Simulation details

Four types of armchair SiC nanotubes, including (5,5), (6,6),
(7,7) and (8,8) nanotubes with a length of 20 A were selected.
The system domain contained an armchair SiC nanotube
placed between two graphene sheets, potassium and cyanide
ions, and water molecules. The concentration of dissolved
potassium and cyanide ions was 0.3 M. The dimensions of the
simulation box were (x x y x z) 30 x 30 x 80 A% The periodic
boundary conditions were used in all three directions. The
short-range Lennard-Jones interaction parameters are
summarized in Table 1. Long-range electrostatic interactions
were calculated using the PME (Particle Mesh Ewald)*® method
with a 12 A cut-off for van der Waals interactions. The optimized
geometries of these nanotubes were obtained at the B3LYP level
of theory with the 6-31G** basis set using the GAMESS
program.* The value of 1.8 A was obtained for the optimized Si-
C bond length. This amount of bond length was used in other
researchers, too.”** For water molecules, the TIP3P water

Table 1 Lennard-Jones parameters

€ Rmin/2
Atoms (keal mol ) A Ref.
Silicon 0.469 1.66 59
Carbon (nanotube) 0.086 1.52 59
Carbon (graphene) 0.086 1.91 60
Potassium 0.087 1.76 61
Carbon (cyanide) 0.105 1.93 62
Nitrogen (cyanide) 0.069 1.83 62
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model*> was used to exactly reproduce the entropic and
hydrogen bonding behavior of water.

NAMD 2.10 (ref. 43) was used for performing MD simula-
tions, similar to previous study,*** and visualized via
VMD1.9.2.* The van der Waals interaction energies (E;;) are
defined by eqn (1) as follows:*

(52 (2]

where ¢, and o, are the Lennard-Jones parameters for atom a,
Tap is the distance between two atoms, and g, and ¢y, are the
partial charges associated to atoms. The armchair SiC nano-
tubes were placed between two graphene sheets that were fixed
during the simulation. As indicated by Bucior et al. the flexi-
bility of the nanotubes is important when the diameter of the
nanotube and the size of the molecules are about the same.>
However, in this study, the molecule size was smaller than the
pore size. Thus, fixing the nanotube did not affect the
results.>

The simulation box was exposed to zero-temperature energy
minimization for 40 ps, then equilibrated at 298 K for 10 ps and
finally, MD simulation was performed for 5 ns. The temperature
was fixed at 298 K using the Langevin dynamics method.
External constant forces perpendicular to the cross-section of
the nanotube were applied to the water molecules in a selected
area of the system (within a distance of 9 A to the left or right
boundary of the system).

The applied forces generate a pressure difference through the
SiC nanotubes that forces the fluid to flow, which is known as
pressure-driven flow.>>*® The applied force was defined as F =
APA/n, where F is the force exerted to the chosen section of the
box (in pN), AP is the pressure difference (in Pa), A4 is the cross
sectional area of the system (in m?), and 7 is the number of water
molecules in the selected region (see Fig. 1). Pressure ranged from
10 to 200 MPa and was applied to nearly 542 water molecules.

qaqb
47580731,

Ey = 4\/ €ab

3. Results and discussion

In this study, single-walled (5,5), (6,6), (7,7) and (8,8) SiC
nanotubes with a length of 20 A, fixed between two graphene

Fig. 1 The (8,8) SiC nanotube fixed between two graphene sheets.
Two water reservoirs are affixed to each side of the box. In the glass
region, external forces are applied to water molecules so as to create
a pressure difference across the membrane (potassium: purple;
nitrogen: green; carbon: yellow; oxygen: red; and hydrogen: white).
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sheets were studied for the separation of cyanide ions from
a potassium cyanide (KCN) aqueous solution. In order to study
the ion selectivity of this system, the following properties were
evaluated: arrangement of the inner water molecules, number
of hydrogen bonds between water molecules, ion retention
time, density of the inner water, water flux, and radial distri-
bution functions (RDF) of the water-nanotube and water—ion.

3.1. Water conduction

All four SiC nanotubes accepted water molecules into their
interior. The arrangement of the water molecules inside the
nanotubes changed on increasing the nanotube diameter. The
arrangement of the water molecules, illustrated in Fig. 2, was
verified by the RDF between inner water molecules and the
nanotube (see Fig. 3). It was found that for the (5,5) SiC nano-
tube, at low pressure (10 MPa), inner water molecules formed
a two-chain structure. This structure was similar to that formed
inside the (6,6) SiC nanotube, and changed to a cylindrical
arrangement at higher pressures. In the (7,7) SiC nanotube,
inner water molecules were arranged into the form of a cylinder,
with a single-file structure inside it. Finally, inside the (8,8) SiC
nanotube, water molecules were arranged forming an structure
with two concentric cylinders. RDFs between inner water
molecules and the nanotube confirmed the arrangements of the
water molecules. Likewise, Fig. 4 displays the RDF between the
inner water molecules and the (5,5) SiC nanotube at the
different studied pressures. In this figure, the differences in the
water molecule arrangements between low and high pressure
were evident.

(@)

Fig.2 Arrangement of the water molecules inside a (5,5) SiC nanotube
under different pressures, namely (a) at 10 MPa and (b) 25 MPa.
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Fig. 3 (a) Water arrangement inside SiC nanotubes of different

diameter and (b) RDF of inner water molecules—SiC nanotubes at 200
MPa.

Fig. 5 displays the density of the inner water molecules in the
four types of SiC nanotubes at the applied pressures during the
5 ns MD simulations. As it can be seen, the water density
increased upon increasing the applied pressure because of the
high transport of water molecules at high pressures. Water
density also increased as the nanotube diameter became larger.
The effect of nanotubes diameter on water density was stronger
than that of applied pressure. Fig. 6 shows the water flux values
through (6,6) and (8,8) SiC nanotubes for the different applied

0.8

Applied pressure (MPa)
0.7

0.6
0.5
0.4
0.3 _—

0.2 ——200

RDF inside water-nanotube
g

0.1

r@)

Fig. 4 RDF of inner water molecules—(5,5) SiC nanotube at different
applied pressures.
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Fig. 5 Density of water molecules inside SiC nanotubes of different
diameters and at different pressures. Error bars represent the uncer-
tainty of the corresponding data and are only shown for values greater
than the data points.
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Fig. 6 Theoretical and simulated water flux through (a) (6,6) and (b)
(8,8) SiC nanotubes as a function of the applied pressure. Error bars
represent uncertainty of the corresponding data and are only shown
for values greater than the data points.

pressures. These values were obtained using MD simulations
and the Hagen-Poiseuille (HP) equation as described below:**

D2

I
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where Q is the water flux, u is the dynamic viscosity, and D, [ and
A are the diameter, length and cross-section of the nanotube,
respectively. This figure shows that water flux increased as the
applied pressure increased. According to the HP equation,
which is based on a macroscale continuum approach, the
pressure increased linearly. This linear behaviour could also be
seen according to eqn (2). However, the macroscale continuum
assumption is not accurate for nanotubes. This is because of the
no-slip boundary condition, which is only satisfied at a macro-
scopic scale, in which the length scale of the problem is much
larger than the mean free path of the molecules. This effect is
described by the Knudsen number (Kn), which can be defined
as®® Kn = A/L, where A is the molecular mean free path and L is
the characteristic length scale, which in this study is equal to
the diameter of the nanotubes. The deviation of the HP calcu-
lation and MD simulation is also due to the molecular inter-
actions, which are not important in the macroscale continuum
assumption. The HP equation only considers viscosity as
a physical property and disregards other molecular effects.

The water network structure inside the nanotubes led to the
formation of hydrogen bonds. The number of water molecules
that entered the nanotube was directly proportional to the
applied pressure, ie., the number of water molecules was
higher at higher pressures. Thus, the number of hydrogen
bonds also increased, as can be observed in Fig. 7.

3.2. Ion transportation

The number of cyanide ions that passed through the SiC
nanotubes of various diameters under the applied pressure was
counted during the simulation time to investigate the cyanide
rejection ability. Indeed, for the passage of ions through the
nanotube, ion size should be smaller than the diameter of the
nanotube. Therefore, the water molecules that form the
hydration shell of the cyanide ion should be removed. This
dehydration requires a large amount of energy that is known as
the energy barrier. The applied pressure to the system provided

60
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Fig. 7 Number of hydrogen bonds between the water molecules
inside SiC nanotubes of different diameters. Error bars represent
uncertainty of the corresponding data and are only shown for values
greater than the data points.
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the required energy to overcome this barrier. Fig. 8 shows the
effect of SiC nanotube diameter and applied pressure on
cyanide ion rejection. As can be seen, rejection ability decreased
when both the SiC nanotube diameter and applied pressure
increased. The ion rejection rate decreased when increasing the
pressure mainly because the large force applied on the ions
helped to overcome the energy barrier. On the other hand,
rejection rate was greater than 78% in the (5,5) SiC nanotube
(100% at 10 MPa). This is due to the limited diameter of the (5,5)
SiC, which causes a high energy barrier for cyanide permeation
at low pressure. Indeed, at low pressure, the applied force is not
enough to separate water molecules from the ion hydration
shell. SiC nanotubes with larger diameters allowed ions to pass
through them more easily; subsequently, they had a lower
rejection rate, with the rejection rate for the (8,8) SiC nanotube
being 0%. This was because the energy barrier for ions to enter
larger nanotubes was lower.

Fig. 9 shows the pressure effect on the separation time of the
ions. Cyanide ions separated from the aqueous solution at the
beginning of the simulation time at higher pressures, whereas
at lower pressures, it took a longer time for them to be removed
from the aqueous solution. Pressure force exerted to the flowing
fluid through a distance resulted in a kind of work called flow
work, which is defined as follows:*®

efowwork = PIp (3)

where p is the density of the fluid. As shown by eqn (3), at higher
applied pressures to the system, the consumed energy is higher.
Although removal time was small at higher pressure (Fig. 9), the
amount of energy required for this was also high. Therefore, it is
important to optimize the energy according to our needs.

Fig. 10 shows the z position of the cyanide ions inside the
(8,8) SiC nanotube during the simulations. The results did not
show any overlap between the retention time of ions at high and
low pressures. If the applied driving force to the system is a type
of high energy (such as pressure) the ions traverse through the
nanotube independently, i.e., the first ion does not need the
assistance from the second ion to push it outwards through the

110
100 } I SiC nanotube type: = (5,5) (6.6) 7.7
ol i g B
g™l "B
= 70 | I
=
g 6
T oso |
g !
]
5 30 | I I
20
10 I
0
10 25 50 100 150 200
Applied pressure (MPa)
Fig. 8 lon rejection percentages for different applied pressures (MPa)

and (SiC) nanotube diameters. Error bars represent uncertainty of the
corresponding data.
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Fig.9 Effect of low and high applied pressure on the permeation time
of ions.

nanotube. On the other hand, if the applied driving force is
smaller (such as a small electrical field) the first ion needs
a second ion to help it to move outside the nanotube.**

Fig. 11 illustrates the effect of the applied pressure on the
retention time of the ions (time of passing one ion through the
nanotube) in each SiC nanotubes. The retention time is shorter
if the ions pass faster through the SiC nanotube, thus acceler-
ating the separation process. The retention time was observed
to decrease proportionally to the square root of the applied
pressure. Furthermore, for large nanotubes the retention time
was lower than for smaller nanotubes.
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Fig. 10 The z positions of the CN™ ions at each simulation time at (a)
low pressure (10 MPa) and (b) high pressure (150 MPa).
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Fig. 11 Retention time of cyanide ions inside SiC nanotubes of
different diameters.

3.3. Radial distribution functions between cyanide ions and
water molecules

The RDF is defined as:*”

. p(r)
RDF = lim —~%—
0 4rpridr

(4)

where r and p are the distance from the centre of the ion and the
number density of water molecules in the system, respectively,
and p(r) is the number of water molecules around the ions
found at a specific distance. This parameter can explain the
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Fig. 12 RDF for cyanide ions—water at various applied pressures in the
(a) (7,7) SiC nanotube and (b) (8,8) SiC nanotube.
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spatial density of water molecules around a specific ion.*®
Fig. 12a and b show the cyanide-water RDF inside the (7,7) SiC
nanotube and (8,8) SiC nanotube, respectively, both exhibiting
two peaks. These two peaks represent the two hydration shells
of the cyanide ion. It was observed that at short distances the
RDF was zero, which was attributed to the repulsive forces
between the cyanide ion centre and the water molecules. In all
cases, the positions of the first peak and valley were the same.
However, the heights were dissimilar for each pressure. This
shows that the number of water molecules in the first hydration
shell of the ion changed with a change in pressure. The heights
of the first and second RDF peaks were almost equal in both the
(7,7) and (8,8) SiC nanotubes, and therefore, the amount of
water molecules in the first and second hydration shell of the
ion was the same. Furthermore, RDFs were altered by pressure.
At low pressures, cyanide ions remained for a longer time inside
the nanotubes, causing their RDF to intensify.

4. Conclusion

The separation of cyanide ions from aqueous solution with SiC
nanotubes was studied via MD simulations, and (5,5), (6,6), (7,7)
and (8,8) SiC nanotubes were used. The results showed that
a high rejection was achieved by (5,5) SiC nanotubes, which was
100% at 10 MPa. This rejection ability decreased when both the
diameter of SiC nanotubes and the applied pressures increased.
Moreover, it was found that the four types of SiC nanotubes
accepted water molecules into their interior. The transportation
of water molecules increased in the large nanotubes when
applying high pressures, which compared with the theoretical
HP equation. The large deviation of the MD result and macro-
scopic HP equation was a result of the inability of the HP
equation for calculating fluid flows at a nanoscale.
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