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Zinc ion adsorption on carbon nanotubes in an aqueous solution
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The literature devoted to numerical investigation of adsorption of heavy metal ions on carbon nanotubes
is scarce. In this paper molecular dynamics is used to simulate the adsorption process and to investigate
the effect of the influencing parameters on the rate of adsorption. The predictions of the molecular
dynamics simulation show that the adsorption process is improved with increasing the temperature, pH
of solution, the mass of nanotubes, and surface modification of CNT using hydroxyl and carboxyl func-
tional groups. The results predicted by the model are compared with the experimental results available
in the literature; the close agreement validates the accuracy of the predictions. This study reveals that
the water layers around the carbon nanotubes and the interaction energies play important roles in the
adsorption process. The study also shows that electrostatic force controls the attraction of zinc ions on

the nanotube sidewall.
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INTRODUCTION

The pollution of water with some heavy metals like
copper, lead, and zinc has attracted researchers’ attention.
Almost all heavy metal ions have a long life presence
in the environment. Among the heavy metals zinc has
extensive potential in water pollution. Zinc has very slow
metal mineralization process. The methods such as rever-
se osmosis, evaporation, ion exchange, and adsorption;
have been used for zinc removal from wastewater. Using
adsorbent materials such as activated carbon, fly ash,
peat, sewage sludge ash, zeolite, biomaterials, recycled
alum sludge, manganese oxides, and resins has advan-
tages like low cost, good recovery, and high efficiency’.

Recently, Carbon Nano Tubes (CNT’s) have demon-
strated high capacity for adsorbing a wide variety of
heavy metal pollutants. The experimental investigations
showed that many factors can influence the adsorption
process. Some of these important factors are CNT
surface properties, the CNT mass, solution pH, and
solution temperature.

The chemical properties of the CNT surface can be
modified using chemical and thermal treatment. The
modified CNT surface contains the oxygen functional
groups such as carboxyl (~COOH), and carbonyl (-CO)
or hydroxyl (~OH). After the modification, the zeta po-
tential of CNT surface becomes more negative*>. The
zeta potential is a function of the charge of carbon atoms
on the CNT surface. This negative charge on the CNT
surface causes electrostatic interaction with heavy metal
ions having the positive charge. The experimental study
shows that the CNT adsorption capacity is improved
after the modification**°,

The experimental studies show that the amount of
Zn** and other heavy metal ions adsorbed on CNTs are
remarkably increased with increasing the temperature
of the solution''™, Increasing the temperature results
in decreasing the viscosity of the solution. The ions can
move and diffuse more easily in the solution and this
explains why adsorption rate increases when the tem-
perature is increased.

The pH of heavy metal ion solution is an important

parameter in adsorption progress. Many investigations
proved that the pH can affect the CNT adsorption
capacities®**!52. The solution pH can affect the ad-
sorption process in two ways: the CNT surface charge,
and metal hydrolysis reactions. The results show that
a negative charge exists on the CNT surface at high
pH. This negative charge can improve the adsorption
process due to electrostatic force between the CNT
and the cations. The studies also show that at pH>12,
the adsorption capacity of CNT is decreased because of
the metal hydrolysis reactions with H* and OH ions.
A mixture of M**, M(OH)*, M(OH),, and M(OH);"
exists in the solution. At low pH range (2<pH<7) the
heavy metal ion is present in the form of M** and the
CNT surface charge is either positive or negative, but
very close to zero. At this range of pH there is also a
competitive adsorption process between M** and H*
in the solution. Therefore, at low pH range the rate of
adsorption process is small. In the medium pH range
(8<pH<11 the metal ions are present in the forms of
M(OH)*, and M(OH),. In this range, the maximum
adsorption rate is observed for almost all heavy metals
due to the electrostatic interaction between the metal
ions and the CNT. At high pH range (pH>12), the metal
ion forms the M(OH);" complex. This complex cannot
be adsorbed to CNT surface which has the maximum
negative charge at high pH range.

The aim of this paper is to study the adsorption of
zinc ion as a pollutant on the surface of CNT and the
effect of important parameters such as CNT surface
modification, temperature, CNT/Zinc mass ratio and
pH (in the range of 6-8) on the removal progress. A (6,
6) CNT with radius of 4.1 A was placed in a periodic
computational box consisting of a zinc ion and water mo-
lecules. The length of the periodic water box is 29.42 A.
The number of water molecules depends on the length
of the CNT. A parametric study is carried out using
the MD simulation. The numerical results at different
operating conditions are obtained. The analysis of these
results helps to understand the dynamic properties of
heavy metal ions adsorbed on the CNT.
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THE SIMULATION METHODOLOGY

Potential models

In this study water molecules, ions, and carbon atoms
are considered as spherical rigid bodies. The potential
model for the interaction between water molecules, zinc
ions, and carbon atoms of CNT is expressed as follows:
Uiiar =Uvie YU cortoms (1)

The terms U 4y and U, .mp in Equation 1 describe
the van der Waals and electrostatic non-bonded inte-
ractions respectively:
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In this paper a simple Lennard-Jones 12-6 potential
form is used for the simulation of vdW interaction. €
and o are the well-depth and diameter of the potential
respectively?!. g, and q; are the charges of atoms i and
j, located at the center of respective atoms. For the
computation of ¢ and ¢ between the unlike atoms, the
Lorentz-Berthelot mixing rule can be used?:
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Table 1. Parameters used in the potential model
Component € [kcal/mol] o Q
[A] Electron unit
Water[23] 0.15 3.15 0
Zinc ion® 0.0125 1.96 +2
Carbon[24] 0.055 3.4 Section 2.3
* AMBER force field

The Lennard-Jones parameters and partial charges
used in the simulation are listed in Table 1. The point
charge of the CNT carbon atoms has been calculated
in section 2.3.

Simulation method

The zinc ions/water/CNT system is modeled using an
in-house computer program written in the FORTRAN
language. This code supports NVT (Isothermal) ensem-
ble and uses Berendsen thermostat method to account
for the temperature of the system®. In the Berendsen
thermostat method, the particle velocity of the system
at each step is rescaled by the A factor. The A factor is
defined as [25]:

s
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Where 1, is the user defined time constant (typically
0.5-5.0 ps), T the current temperature, T, the desired
temperature and At the time step. In all simulations,
the time step was chosen as 0.5fs.

A periodic water box consisting of one cation, water
molecules and CNT was considered. During the simu-
lation, the Verlet algorithm was employed®. In every
state, the code runs for 5x10* time steps, whereas the
latter 5x 10° time steps were used to calculate the results.

Charge of the CNT carbon atoms

The relation between the surface potential, ¢, and the
surface charge density, B, can be expressed as®:

_ B
Po €p€ 0 (8)
The Debye length is given by:
, 2000 F?
o = I
€€, RT 9)

It is assumed that the zeta potential, £, is equal to
the surface potential. The zeta potential is a function
of surface charge and can be determined experimentally
using an electro-kinetic device. Lu et al.* calculated the
zeta potential of CNT at various pH. If every carbon
atom on the CNT surface is considered a single spherical
body with radius rc, the surface charge density, o, can
be defined as®:

q
p= 4durl (10)

Finally, using Equations 8 and 10, the point charge of
carbon atom can be defined as:
q = 4nfeye,ar? (11)
Table 2 shows the point charge of CNT carbon atoms
and the related parameters.

Table 2. Experimental design and results for percentage removal
of Cr(VI) ion by NCN resin

parameter unit amount
q e -0.0085
€,[26] - 78
£[4] mv -20
a m’ 2.71x10"®
€ C?’/Nm?® 8.85x10"”
R J/mol.K 8.314
T K 298
| mole/liter 0.0125

RESULTS AND DISCUSSION

To investigate the effect of pH, temperature, and the
CNT mass, the MD code runs at various conditions, but
in all conditions, the length of the simulation box, the
location and type of CNT, and the first location of zinc
ion were the same.

Influence of CNT/Zinc mass ratio

In order to study the effect of CNT/Zinc mass ratio,
three different ion/CNT mass ratios were considered.
The CNTs (6,6) with different lengths are used in this
study. In all cases, the zinc ion is located 1laway from
CNT sidewall. The details are listed in Table 3. The
snapshots of the simulation at the start and the final
time are shown in Fig. 1.

Fig. 2 demonstrates the minimum distance between
zinc ion and CNT sidewall during the simulation time.

Table 3. ANOVA and estimated regression coefficients for
Cr(VI) ion removal by NCN resin

Number of CNT lon-CNT
Case carbon Length mass ratio Nuwater
atoms A) (mg.g”)
1 140 14.77 38.7 2372
2 168 17.23 32.2 2272
3 192 19.70 28.2 2268
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Figure 1. Snapshots of simulation configurations for CNT (6 , 6), red denotes zinc ion, blue denotes water molecules, and black
denotes CNT atoms

The results show that the adsorption process did not ion and the CNT sidewall after the adsorption process
occur in ion-CNT mass ratio of 38.7 mg.g’!. In ion-CNT is equal to 1.92 A for ion-CNT mass ratios of 32.2 and
mass ratio of 32.2 mg.g”, the zinc ion is adsorbed on 28.2 mg.gl.

CNT surface after 23.65ps. In ion-CNT mass ratio of For more details about the adsorption process, an
28.2 mg.g”!, with maximum length and number of car- overview on the interaction energy of the system is
bon atoms, the adsorption process rapidly starts after necessary. The total interaction energy of the system

the equilibrium steps. The final distance between zinc can be expressed as:



32 Pol J. Chem. Tech., Vol. 14, No. 3, 2012

(0]

o

c

8

17}

5 1

€ 10 A

=]

£~ 94

€ E )

é o 8 - lon/CNT mass ratio 38.7 mg.g-1

8} g 7

ﬁ i(C/ 6 - lon/CNT mass ratio 32.2 mg.g-1

g 51 lon/CNT mass ratio 28.2 mg.g-1

[0} 4

°

[ 3

2

© . . . ; .
0 5 10 15 20 25

Time (ps)

Figure 2. The distance between zinc ion and CNT wall side
as a function of simulation time

ETotal = Ewater - water T Ewater Zion T Ewater ~ent T ECNT- ion (12)

The important energy term for the adsorption pro-
cess is the interaction energy between an ion and CNT
(Ecntoion)- Using Equation 12 the interaction energy
between zinc ion and CNT is defined as:

EcNt-ion = Erotal = Ewater - water = Ewater - ion = Evater - oNT - (13)

CNT-zinc ion interaction energy as a the function
of time is shown in Fig. 3. This figure shows that the
interaction energy between the CNT and zinc ion is in-
creased with increasing the number of the CNT carbon
atoms. There is a strong attractive interaction energy
between CNT and zinc ion in ion-CNT mass ratio of
28.2 mg.g’!. The interaction energy is divided into two
parts: the vdW interaction energy and the electrostatic
interaction energy. The interaction energy is the sum
of these energies. Fig. 4 demonstrates the vdW and
electrostatic interaction energy between CNT and zinc
ion for three ion/CNT mass ratios. It is clear that the
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Figure 3. CNT-zinc ion interaction energy

electrostatic energy is almost equal to the total energy
when large distances exist between zinc ion and CNT
surface. This condition results in an attractive force be-
tween the metal ions and carbon atoms. The vdW energy
only appears when the distances are short and it results
in a repulsive force between the CNT and the metal ion.
Finally, the zinc ion stops at a short distance to the CNT
sidewall where the repulsive and attractive forces due
to the vdW and electrostatic interaction become equal.

The RDF peaks of water molecules around the CNT
are illustrated in Fig. 5. The results demonstrate that
the water molecules form several layers (RDF peaks)
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Figure 4. The vdW and the electrostatic interaction energies
between CNT and zinc ion, zinc ion/CNT mass ratio:
38.7 mgg! (b) 32.2 mgg! (c) 28.2 mgg!

around CNT sidewall. These high-density layers can
prevent ion adsorption to the CNT surface. This is cle-
ar that every water layer located at a farther distance
from the CNT sidewall is more important, because at
far distances from the CNT, the attractive electrostatic
force between CNT and ion is small. In ion/CNT mass
ratio of 38.7 mg.g!, the attractive force between CNT
and ion cannot overcome the repulsive force acting on
zinc ion by peaks located in far distances from CNT
sidewall. Therefore, the adsorption process does not
occur in this case.
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Influence of pH

In this paper, the effect of pH was studied in the range
of 6<pH<S8, because the metal ion is available in the
form of M** in the solution in this range of pH. The
simulation program runs under the conditions similar to
Case 2 in Table 3 for pH=6, 7, and 8 and temperature
of 298K. The zeta potential for pHs of 8, and 6 have
been measured as -30mv, and -17.5mv respectively®.
Using the theoretical method presented in section 2.3,
the point charges of CNT carbon atoms were calculated
as -0.0127e, and -0.0074e respectively. Fig. 6 shows the
zinc ion-CNT sidewall distance during simulation time.
The results demonstrated that by increasing the pH of
the solution, the adsorption process occurs faster. It is
clear that with increasing the pH of the solution, the
point charge of CNT carbon atom increases. The CNT,
which has more negative surface charge, can attract the
positive ion easily. The change of pH cannot affect the
water layer around the ion because the only interaction
energy between water molecules and CNT is the vdW
energy and this energy is not a function of the CNT
surface charge.
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Figure 6. The zinc ion-CNT sidewall distance for pH=6, 7,
and 8

Influence of temperature

To investigate the effect of the solution temperature
on the adsorption process, the simulation program
runs at temperatures of 298 K, 313K, and 338K when
pH=7. The operating conditions are the same as Case
2 in Table 3. The zinc ion-CNT sidewall distances for
three different temperatures are shown in Fig. 7. This
figure shows that with increasing temperature, the time
for adsorbing zinc ion to the CNT sidewall is reduces.
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Figure 7. The zinc ion-CNT sidewall distance for T= 298K,
303K, and 338K

Fig. 8 demonstrates the radial distribution function
(RDF) of water molecules around the CNT centerline.
The first peak of RDF occurs to water molecules inser-
ted to CNT during simulation time. The most important
peaks in adsorption process are those located outside
the CNT. The second, third, and fourth peaks of water
molecules around CNT are located in distances of 2.4A,
43A, and 6.7A away from the CNT sidewall.

The ion movement towards the CNT due to electro-
static interaction is slowed down by the high-density
water layers and in some conditions may be completely
hindered. In large distances from the CNT sidewall,
the maximum amount of water density occurs at the
temperature of 298K. The differences in water density
around the CNT at different temperatures, change the
ion adsorption feature as shown in Fig. 7.

Eventually the RDF peaks located far from CNT are
smaller at low temperatures. That is the reason why
at higher temperatures the ion can approach the CNT
more easily.

Influence of the CNT modification

Surface modification of the CNT by chemical agents like
HNO;, NaClO and HCI forms some functional groups
including carboxyl (-COOH) and hydroxyl (-OH) on the
CNT surface. Fig. 9 shows a configuration of carboxyl
and hydroxyl groups bonded to the CNT. To investigate
the effect of these functional groups on the CNT surface,
we simulated the adsorption process for the CNT with
hydroxyl (-OH) and the CNT with carboxyl (-COOH)
functional groups on their surface and then compared
the results with those corresponding to the adsorption
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Figure 8. The radial distribution function (RDF) of water
molecules around CNT centerline
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process for the CNT without functional group at pH=7,
and temperature of 298K. The operating conditions are
the same as Case 2 in Table 3. The potential parameters
and geometrical characteristics used for the simulation of
the functional groups are presented in Tables 4, and 5.

Table 4. The potential parameters and geometrical character-
istics used for the hydroxyl functional group

Hydroxyl *

Length (A)
Cent-O 1.35
O-H 0.96

Angles (degree)
Cent-O-H 113
Potential parameters

oo, A 3.07
on, A 0.0
€0, kcal/mol 0.21
en, kcal/mol 0.0
do, € -0.03
qu, € -0.57

AMBER force field

Fig. 10 demonstrates the time history of the ion-CNT
sidewall distance for the CNT with the hydroxyl group,
the CNT with the carboxyl group, and the CNT without
the functional groups. The results show that the pre-
sence of hydroxyl and carboxyl groups on CNT surface
can improve the adsorption process very significantly.
Comparing the hydroxyl and carboxyl functional groups
reveals that the hydroxyl group can improve the CNT
adsorption capacity more than carboxyl group. This is
due to the presence of the positive atoms in the carboxyl
group that decreases the attractive force between zinc
ion and the carboxyl negative sites. The vdW and elec-
trostatic energies between zinc ion and CNT are shown
in Fig. 11. The strong electrostatic interaction energy can
be observed between zinc ion and CNT surface due to
the presence of hydroxyl group. Fig. 12 demonstrates
the final configuration of CNT-hydroxyl and zinc ion
after the adsorption.

Table 5. The potential parameters and geometrical character-
istics used for the carboxyl functional group

Carboxyl °
Length (A)
Cent-C 1.52
C=0 1.23
C-O 1.36
O-H 0.95
Angles (degree)
Cent-C=0 121
Cent-C-O 116
C-O-H 113
Potential parameters
oc, A 3.75
0o, A(=0) 2.96
0o, A(-0) 3.0
on, A 0
€., kcal/mol 0.105
€0, kcal/mol(=0) 0.21
€0, kcal/mol(-O) 0.17
€en, kcal/mol 0.0
Jc, € 0.55
Jo, € (=0) -0.50
Jo, € (-O) -0.58
Qu, © 0.45

® OPLSAA force field

In order to compare the simulation data with the
available experimental results, the maximum ion/CNT
mass ratio needed for the occurrence of the adsorption
process are found by running the program with different
CNT masses (CNT carbon atoms) at pH=7, and the
temperature of 298K. The results were then compared
with the experimental results obtained by [4, and 5]
and presented in Table 6. This comparison shows that
the models containing functional groups are in closer
agreement with the experimental data.

(b)

Figure 9. Functional groups bonded to CNT (a) carboxyl group (b) hydroxyl group; yellow denotes oxygen atoms, green denoted

hydrogen atoms, and black denotes Carbon atoms
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Table 6. The maximum ion/CNT mass ratio for the adsorption process at pH=7 , and T=298K

Sorbent m:)s(lsmr:?olﬁ:w/gcgﬂ)- Conditions Ref
CNT 33.2 pH=7.0, T=289K This work
CNT with Hydroxyl F. G. 36.7 pH=7.0, T=289K This work
CNT with Carboxyl F. G. 38.6 pH=7.0, T=289K This work
CNT(modified with NaClO) 39.5 pH=7.0, T=289K [4]
CNT(modified with HNO3) 40.0 pH=7.0, T=289K [5]

F. G.: Functional group
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Abbreviations
CONCLUSIONS MD Molecular dynamics
This paper applied molecular dynamics simulation RDF Radial distribution function
to investigate the sorption behavior of zinc ion in the vdW van der Waals
water on CNT surface. This study shows the effect of Ulptal Total potential energy, kcal/mol

the parameters including pH and the temperature of Uaw Van der Waals energy, kcal/mol



36  Pol J. Chem. Tech., Vol. 14, No. 3, 2012

U, Electrostatic energy, kcal/mol

coulomb

English symbol

Erw Total interaction energy, kcal/mol

E (vater-water) Interaction energy between water molecules,
kcal/mol

E yaerion) Interaction energy between water molecules
and zinc ion, kcal/mol

E aer-ont) Interaction energy between water molecules
and CNT, kcal/mol

E cnriony Interaction energy between zinc ionand CNT,

kcal/mol

Farad constant, C/mol

Concentration, mole/litr

Number of water molecules in simulation box

Atom point charge, e

Gas constant, J/mol.K

Temperature, K

Desired temperature, K

Time, s

Radius of CNT carbon atom, A

water

St 34 me Z—m

o

Co}reek symbols

A Angstrom, 10"°m

a Debye length, m™!

B Surface charge density, C/m?

€ Well-depth of potential, kcal/mol

€ Permittivity of free space, 8.8542x10"? C*N"'m™

€, Dielectric constant of solution
Diameter of the potential, A

T User defined time constant

ON Surface charge potential, V

£ Zeta potential, V

units

e Electron unit, 1.6x10"°C

fs Femto second, 107'%s

ps Pico second (10%)
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