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ABSTRACT

In this research, separation of perchlorate ion from aqueous solutions is inves-
tigated using functionalized graphene oxide nanosheet (GONS) membrane. Due
to the ultrathin thickness of GONS, it was expected to have good water per-
meability of this membrane. At the same time, for the water treatment, it is
necessary for perchlorate ions to stay behind the membrane, and to achieve this,
appropriate pores with the functionalized groups at their edge should be cre-
ated on the surface of GONS, so that the water molecules pass through them and
the considered ions do not pass. The investigated systems included three types
of functionalized GONS immersed in an aqueous solution of sodium perchlo-
rate. Three different functional groups (-F, -OH and -H) were used on the edge
pore with various sizes, and an external pressure was applied to the systems for
permeation of water molecules through pores. The results showed that the
GONS with a suitable functionalized pore was impermeable to perchlorate ions
with a high permeability for water molecules.
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poured into rivers. So, environment and source of
drinking water are infected [2]. Water pollutants

Introduction

Today, due to the changing lifestyle of humans,
industrial development and energy demand, the
water scarcity has become a serious problem [1]. The
lack of attention from human societies, as well as the
increase in the industrial chemicals, agricultural and
commercial materials, causes wastewater to be

Address correspondence to E-mail: a_khataee@tabrizu.ac.ir

https:/ /doi.org/10.1007 /s10853-018-3045-2

include toxic heavy metals, nitrate ions, cyanides,
perchlorates, trihalomethanes and organic pesticides.
These pollutants have an important effect on the
immune system and expression of immune-related
genes [3].
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In the meantime, perchlorate ion is one of the major
contaminants in drinking water in the form of per-
chloric acid, ammonium perchlorate, potassium per-
chlorate and sodium perchlorate [4]. Perchlorate ions
as the water contamination have high mobility, high
stability and non-reactive nature; therefore, removal
of this contamination from aqueous solution is
important [5]. Perchlorate as a chlorinated compound
in water is a strong oxidizing agent and highly sol-
uble and stable in water. The most important adverse
health effects of perchlorate in the low doses are
similar to those that are caused by iodine deficiency.
Also, perchlorate at the high doses causes adverse
health effects such as impaired blood circulation.
Therefore, it is necessary to use some methods that
can reduce its condensation in water [6].

Various purification methods are used for
wastewater purification, such as distillation [7],
electrolysis [8], adsorption [9], ionic exchange
method [10], reverse osmosis [11], chemical processes
[12] and nanostructure membranes filtration [13]. Use
of nanostructure membranes is preferable because of
lower energy consumption, high selectivity and
continuous performance [14]. These membranes play
an important role in the application of molecular
separation, DNA sequencing, drug release and
biosensing. Nanostructure membranes made of
polymeric materials have great application in the
molecule separation due to their adjustable size and
molecule selectivity. However, the controlling ability
of the aperture shape or dimension is usually
restricted by a template-mediated approach [15].
Some nanostructure membranes such as carbon
nanotube [16], boron nitride nanotube [17], boron
nitride nanosheet [17], graphene [18-20] and gra-
phene oxide nanosheets (GONSs) [21, 22] are used for
filtration of wastewater. In these membranes, mostly
water molecules pass through the membrane and the
pollutants stay behind the membrane.

In this regard, water transport across graphene-
based membranes, because of its ability in filtration
process and separation technology, has attracted
much attention [23, 24]. GONS is an exciting material
for its possible applications [25], including protective
layer, ion conductor, material for molecular storage
and water purification. GONS is produced by adding
epoxy and hydroxyl groups to graphene surface with
different percentages. These functional groups could
be randomly distributed on both sides of the GONS
[26]. To use GONS in water purification process, this
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membrane should have some pores on its surface. Via
a thermal reduction process, the intrinsic defects in
GONS are caused, resulting in nanopores formed
with a variety of sizes [27]. Chiang et al., by creating
some defects in reduced graphene oxide, produced
some pores with different sizes on its surface.
Reduced graphene oxide membrane can be used for
separation processes [28]. Wei et al. studied the water
permeation through GONS by considering water
flow through the interlayer membrane and pores on
the surface of membrane. They concluded that the
transport of water between the graphene plates was
faster because of the reduced friction at the interface
of solid-liquid [29].

In this work, we investigate the separation capa-
bility of functionalized GONS membrane for removal
of perchlorate ions from aqueous solution by molec-
ular dynamics (MD) simulations technique. For this,
we designed some GONS membranes with various
functionalized pores on their surfaces to investigate
their effects on the separation of perchlorate ions
from water. The fabrication of functionalized nanos-
tructure membranes takes place slowly. So, it is better
to design the new membranes by computational
methods. With the development of computer science,
computational methods have become a promising
tool to provide molecular insight into physical
chemistry phenomenon [30]. In this regard, MD
simulations provide an important complement to
experimental and theoretical analyses and system
properties can be easily obtained [31]. This method is
a powerful computational method based on the
Newton's equations, so that the macroscopic prop-
erties of the system can be obtained from its micro-
scopic properties using statistical mechanics [32].

Computational methods and details

In this research, we designed various GONS mem-
branes with the three different functional groups
including —F, -OH and -H on the edge pores, namely
F-pore, OH-pore (hydrophilic pores) and H-pore
(hydrophobic pore) systems to investigate the
removal of perchlorate from water as shown in Fig. 1.
The pore size was measured by showing atoms as
van der Waals spheres and calculating the amount of
area not filled by any atomic representations. The
area of pores was 14.65 A2, 17.04 A% and 24.84 A? for
F-pore, OH-pore and H-pore systems, respectively. In
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Figure 1 Different pore architectures of GONS; a F-pore (pore area: 14.65 A%), b OH-pore (pore area: 17.04 A?) and ¢ H-pore (pore area:
24.84 A?) (cyan: carbon, red: oxygen, white: hydrogen and blue: fluorine).

each GONS membrane, one functionalized pore was
created in its center. In the considered GONSs, the
concentration of hydroxyl and epoxy groups was
C = ny/n. = 15%; where n, is the number of oxygen
atoms and n. is the number of carbon atoms. The
ratio of hydroxyl to epoxy groups was 1:1 in the
GONS.

After the initial designing, the geometries opti-
mization of functionalized GONS was calculated
using DFT method. The DFT calculations were done
using GAMESS at the B3LYP level of theory using
6-311G basis sets [33] to achieve their atomic charges
and optimized structures. The partial charges and
Lennard-Jones parameters for all atoms of simulated
system are given in Table 1. The Lorentz—Berthelot
mixing rules [34] were used to determine the Len-
nard-Jones parameters for the interactions of water—
GONS, water—ion and ion—-GONS.

All MD simulations for a total time of 5 ns were
performed using NAMD 2.12 [35] software for 5 ns
with 1 fs time step and a 12 A cutoff distance for the
van der Waals interactions. All analyses were per-
formed by VMD 1.9.3 [36]. Herein, the CHARMM
force field was used [37] and a PME (particle mesh
Ewald) method was used for long-ranged electro-
static interactions [38]. The simulation box consisted
of a functionalized GONS with the size of 30 x 30 A2
in the middle of the box, water molecules, NaClO,
aqueous solution and a graphene membrane as a
barrier sheet at the position of z = — 40 A. The size of
simulation cell was 30 x 30 x 80 A® (see Fig. 2)
including 1100 water molecules and 10 perchlorate
ions. For all simulations, TIP3P model [39] was used

for water molecules. The simulation box was equili-
brated to minimize the energy. The system temper-
ature was controlled at the room temperature by
Langevin thermostat [40]. The membranes atoms
were fixed during the simulations while water
molecules and NaClO4 were allowed to move freely.

The external pressure was applied to the systems
for permeation of water molecules through the pores.
For applying a hydrostatic pressure to systems, Zhu
et al.’s [41, 42] technique was used. In this method,
the applied pressure on water molecules was calcu-
lated by Eq. (1):

nxF

AP =" (1)

In this equation, AP is the applied pressure, 7 is the
number of water molecules, F is a constant force
which applied on the water molecules and A is the
area of the box. This technique has been used in
many studies of pressure-driven flow [43-47]. The
hydrostatic applied pressure is in the range of
5-100 MPa. For each choice of applied pressure, the
system was simulated 5-7 times with different and
uncorrelated starting configurations.

The potential of the mean force (PMF) of water
molecule and perchlorate ion was calculated using
the umbrella sampling [48] and WHAM [49] package.
This parameter can predict the passage or non-pas-
sage of water and ions through the designing pores in
the membrane. Each PMF window was run for 1 ns
by sampling the force experienced by the water or
ions placed from — 15 to 3 A z-positions.
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Table 1 Partial atomic charges and parameters for the 12—6 Lennard—Jones potential used in the simulations

Molecule  Site ¢ (kcal/mol) ¢ = Rpin/2 (A) Charge (7) References
GONS Carbon bonded to epoxy group 0.069 1.907 0.1966 [29]
Carbon bonded to hydroxyl group 0.069 1.907 0.1966
Oxygen in epoxy or hydroxyl 0.141 1.627 — 0433
Hydroxyl hydrogen 0.000 0.000 0.352
Carbon bonded to hydroxyl-functionalized group in OH-pore  0.069 1.907 0.265
Oxygen-functionalized group in OH-pore 0.141 1.627 0.351
Hydrogen-functionalized group in OH-pore 0.000 0.000 — 0.605
Fluoride-functionalized group in F-pore 0.135 1.630 — 0.256
Carbon bonded to fluoride-functionalized group in F-pore 0.046 1.675 0.325
Hydrogen-functionalized group in H-pore 0.030 1.358 0.189
Carbon bonded to hydrogen-functionalized group in H-pore 0.046 1.675 — 0.181
Graphene  Carbon 0.859 1.907 0 [57]
NaClO, Sodium 0.0027 1.869 1.000 [58]
Chloride 0.265 1.948 1.079
Oxygen 0.210 1.661 — 0.520
H,O Hydrogen 0.046 0.224 0.417 [59]
Oxygen 0.152 1.7682 — 0.834

Figure 2 A schematic of the simulated box including a
functionalized GONS, a graphene, water molecules and sodium
perchlorate. The GONS with a fluorine-functionalized pore in its
center was placed in the center of box and water molecules and
ions were added to the one side of box (black: carbon, red:
oxygen, white: hydrogen, green: chloride, purple: sodium and
cyan: fluoride).

Results and discussion

In this research, for the separation of perchlorate ions
from aqueous solution, GONS membrane was used
with three types of functionalized pores with differ-
ent sizes on its surface. These various functionalized
pores with different sizes were chosen to study the
effect of pore edge termination with functionalized
group on the rate of ion separation from water. These

@ Springer

pores were F-pore and OH-pore as a hydrophilic
pores and H-pore as a hydrophobic pore.

Water flux and PMF

The MD results showed that water molecules were
able to permeate through the functionalized pores of
GONS, but perchlorate ions could not pass through
them, unless at high pressures. In these functional-
ized pores of GONS, repulsion between perchlorate
ions and pore edge atoms was as a barrier to passage
of perchlorate through them but this did not happen
for water molecules, so that they were able to per-
meate the pore, because the pore diameter was suit-
able for their permeation. Pores of GONS were
terminated by some functionalized groups on their
edge. On the other hand, due to the negative charges
of oxygen atoms of perchlorate, the repulsive energy
was felt between them and the pore atoms. Therefore,
this interaction causes perchlorate ions to be unable
to pass through the functionalized pores with the
exception of some cases which will be discussed later.

The water flux through various functionalized
pores is shown in Fig. 3 as a function of the applied
pressures. The water flux (J) is the number of water
molecules permeated through the membrane pore
per nanosecond [50] which is obtained by Hagen-
Poiseuille’s law [51, 52] as Eq. (2):
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where AP is the pressure difference, ¢ is the porosity,
r is the pore radius, # is the viscosity and [ is the
membrane thickness. This equation shows the water
flux increases with increasing pore radius and
decreasing membrane’s thickness. Accordingly, sin-
gle-layer GONS with very low thickness and appro-
priate pores will have a high water flux.

As shown in Fig. 3, water molecules were passed
through functionalized pores with different propor-
tions. However, the trend of water flux versus pres-
sure gradient was not linear, so that this trend has
two distinct areas including low-pressure area and
high-pressure area. In the low pressures, system
behavior in these systems was different, so that in the
F-pore and OH-pore, the amount of water flow was
negligible, but in the H-pore system was significant.
So, we can say, in the low pressures, the important
factor is the size of pore, so that in the H-pore with
largest size, the water flux was higher than all of the
pores. But, in the high-pressure region, with a linear
behavior change in water flux, the important factor
on the water flux is the functional groups on the edge
pores, so that in the hydrophilic pores (F-pore and
OH-pore), water flux was more that than of
hydrophobic pore (H-pore).

In the hydrophilic pores, —F(fluoride) and -OH
(hydroxy) groups could form hydrogen bonds via
water molecules which reduces the energy barrier for
permeation of water molecules across them, but this
phenomenon does not occur in the hydrophobic
H-pore. Therefore, in the high pressures, water flux

2293

of F-pore and OH-pore was more than H-pore. Also,
according to Fig. 3, in comparison with two hydro-
philic groups, the effect of F-pore in the high pres-
sures was more than that of OH-pore and therefore
water permeation through F-pore was higher than
through OH-pore. Generally, it can be said that the
functional groups on the pore edges of membrane
have important effect on the water flux, especially at
high pressures.

The results showed that the water permeability of
GONS was better than of other membranes such as
graphene. The obtained permeability coefficient for
three investigated systems in this research agrees
with other scientific works for GONS [53-55]. The
permeability coefficient for the F-pore, OH-pore and

H-pore  systems is  591.82 L m *h 'bar ',
57584 L m 2h 'bar ! and 563.41 L m 2h 'bar},
respectively.

The trend of water flux is also confirmed with the
PMF calculations. Figure 4a shows the energy barrier
of water molecules when passing through the func-
tionalized pores. As shown in Fig. 4a, the maximum
amount of PMF is for the F-pore (with the least pore
size) and the minimum amount is for the H-pore
(with the largest pore size). With increasing pore size,
the PMF was decreased; therefore, the water perme-
ation was done easier through it. However, as shown
in Fig. 3, in high-pressure region, water permeation
did not depend on the pore size, but it depended on
its functionalized group, so that in the higher pres-
sures, the largest water flux was belonged to F-pore
(a strong hydrophilic pore).

Also, Fig. 4b shows the PMF curves for perchlorate
ion in three systems. The energy barrier for this ion
was very high when it wanted to pass through the
considered pores. So, permeation of perchlorate
through the functionalized pores was not possible.
Only at high pressures such as in the H-pore (with
large pore size), some perchlorate ions passed
through it due to the low energy barrier (see Fig. 4b).
Of course, the ion permeation in the higher pressures
through the H-pore was very low (<20% at
100 MPa).

Density profile

The density profile of water molecules during the
simulation time in the various applied pressures was
obtained to study the water structure inside simula-
tion box. As shown in Fig. 5, this parameter specifies
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Figure 4 Potential of mean force for a water molecule and
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great potential barrier when they want to pass through the pores. In
these three pores, PMF values were different. Perchlorate ions
faced higher energy barrier compared with water molecules.

the arrangements of water molecules in different
sections of the simulated box. Due to the structure of
the system, arrangement of water molecules was not
the same in all parts of the simulation box. In some
parts of the box, their behavior was similar to that of
balk water, but in the near membrane, water mole-
cules behaved differently, so that they accumulate in
a region within + 3.5 A on both sides of the GONS
with two sharp peaks.

This water behavior happened in all three systems.
The accumulation of water molecules near the GONS
is due to the hydrogen-bonded interaction of water
molecules and hydroxyl functional group on the
surface of GONS and the non-bonded van der Waals
interaction of water molecules and membrane atoms.
In the region far away from the GONS, the water

density was normal, about 1 g cm™>.
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Figure 5 Density profile of water molecules in three systems.
Due to the structure of the system, arrangement of water
molecules was not the same in all parts of the simulation box.
In some part of the box, their behavior was similar to that of balk
water, but in the near membrane, water molecules behaved
differently, so that they accumulate in a region within & 3.5 A on
both sides of the GONS with two sharp peaks.

Also, we used the radial distribution function
(RDF) analysis to confirm these molecule behaviors.
RDF was obtained between water molecules in a
region around the GONS and also in the whole of
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system in the F-pore system in 10 MPa. This trend
also repeated for other systems and pressures. Fig-
ure 6 shows the RDF peak intensity of water mole-
cules around the GONS membrane is higher than
that in the whole box. This different behavior
observed in RDF of water molecules is due to the
accumulation of water molecules in the near GONS
which their result is the formation of a layer of water
molecules in this region.

Ion structure in system

Perchlorate ions were surrounded by water mole-
cules which can be verified by their RDFs. The RDF
(left axis) and integration number (right axis) of ion—
water is shown in Fig. 7 for the OH-pore system. In
the rest of the systems, the same trend was observed
and the trend of RDF and integration number of
perchlorate ions did not change much. As shown in
this figure, in a short distance (< 1.5 A), because of
the repulsive forces between perchlorate and water
molecules, the amount of RDF is zero. For perchlorate
ion, the intensity of the RDF peaks is somewhat dif-
ferent for each applied pressure, and increasing the
applied pressure causes the peak intensity to
increase. This trend is due to higher accumulation of
water molecules around perchlorate ions at the
higher pressures. Also, Fig. 7 shows the integration
number which is equal to the hydration number of
the perchlorate ion. Integrating of g(r) [56] gives the
hydration number of a molecule by Eq. (3):

120 i -==- inside the region of around the GONS
H ——— in whole system
100 | "
"
"
80| i
"
[l
~ 1
< 60t i
o0 i
()
40 i
()
[l
[
20 ¢ i\
o e
(O Sttt
0 AU 7
1

Figure 6 RDF between water molecules in a region around the
GONS and also in the whole of system in F-pore system in
10 MPa. The RDF peak intensity of water molecules around the
GONS membrane is higher than that of the whole box. This is due
to the accumulation of water molecules in the near GONS. This
trend also repeated for other systems and pressures.
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Figure 7 RDF and integration of RDF for ion—water molecules in
the simulation box of OH-pore system at various applied
pressures. This trend also repeated for F-pore and H-pore systems.

r

n(r) = 4np/g(r) 2 dr, (3)

0

in which n(r), p, g(r) and r are the hydration number,
density, radial distribution function and the radial
coordinate, respectively.

Hydrogen bonds

During the simulation time, when water molecules
passed through the functionalized pores, hydrogen
bonds were formed between water molecules and the
pore edge atoms; though, this phenomenon did not
occur in all systems. As shown in Fig. 8a, in the
H-pore system, there is no hydrogen bond between
water molecules and hydrogen atoms of edge pore. In
the case of F-pore and OH-pore systems, hydrogen
bonds were observed during the simulation time. At
the same time, the number of hydrogen bonds did
not increase significantly with increasing applied
pressure. This is because a large number of water
molecules were present alongside the pore edges.

So, the effective factor in this phenomenon was the
type of chemical agent on the edge pore. In the F-pore
and OH-pore, due to the electronegative atoms on the
edge pore (fluorine and oxygen atoms), these condi-
tions were ready for hydrogen bonds formation. On
the other hands, in the OH-pore, due to the formation
of hydrogen bond between the oxygen atoms of pore
and hydrogen atoms of water and also between the
hydrogen atoms of pore and oxygen atoms of water,
the number of hydrogen bonds was highest.
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Figure 8 a Number of hydrogen bonds between water molecules
and functionalized groups on the edge pore in various applied
pressures; b number of hydrogen bonds between water molecules
and GONS membrane in various applied pressures.

Also, we investigated the number of hydrogen
bonds between water molecules and GONS mem-
brane in various systems which is obtained by
counting the hydrogen bonds during 5 ns, and their
average is reported in Fig. 8b. In this case, when
water molecules approach the surface of GONS
membrane, hydrogen bonds were formed between
them, which results in high water flux. However, due
to the uniformity of the surface of GONS in all three
systems, the number of hydrogen bonds did not
differ significantly.

Distribution of water molecules in the simulation
box was represented with the water density map in
Fig. 9. The water density map was obtained with
VMD by VolMap Tool. Figure 9 shows the water
density map in the F-pore system in 75 MPa pressure.
This VolMap shows the water molecules distributed
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Figure 9 Water density map in the F-pore system in 75 MPa.

on the surface of membrane before and after passing
through the pore of GONS. This behavior of water
molecules is owing to the hydrophilic surface of
GONS, which leads to high wettability property in
GONS. This behavior of water molecules was repe-
ated similarly in other systems. However, at high
applied pressures, the accumulation of water mole-
cules near the membrane was occurred more
intensely.

Another important issue in the water treatment is
the ability of the considered membranes for ion
rejection. In our investigated systems, in all applied
pressures, ion rejection by the pores of GONS with
the range of from 14.65 to 24.84 A2 pore area was
considered after finishing the simulation. With
increasing the applied pressure and the pore size, the
perchlorates rejection decreases. In the F-pore and the
OH-pore systems, only at high pressures
(> 100 MPa) ion permeation was occurred, so that at
100 MPa, near 10% of perchlorate ions were perme-
ated from these pores (ion rejection = 90%). For the
H-pore system with largest pore size, ion permeation
process through this pore accelerated, so that in
75 MPa and 100 MPa ions rejection was 90% and
80%, respectively. As it can be seen, ion rejection
reduced with increasing applied pressure. This is due
to the fact that at the high pressures, a lot of force was
applied to the ions and therefore more ions perme-
ated through the pore [50]. In our systems, the partial
charges of functional groups were acted as a barrier
which it prevented the passage of perchlorate ions
through pores, so that this process was desirable for
separation of perchlorates from aqueous solution.
This phenomenon is due to van der Waals and
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electrostatic interactions between the functional
groups on the edge pores and perchlorates ions. On
the other hand, by applying external high pressures
as a driving force to the system, some perchlorates
ions can overcome these van der Waals and electro-
static interactions and therefore ions passed through
pores at high pressures.

Conclusions

For efficient water treatment, GONS membranes with
different functionalized pores in its center were used
to separate perchlorate ions. The concentration of
hydroxyl and epoxy groups in these membranes was
C = ny/n. = 15%, and the ratio of these groups was
1:1 in the GONS. For this, three types of GONS pore
were functionalized with —-F, -OH and -H chemical
groups, immersed in an aqueous solution of sodium
perchlorate. The pore sizes should be selected to have
high water flux and high ion rejection. With applying
external pressure to the simulation box in the range
of 10-100 MPa, water molecules passed through
these pores with different permeability. The obtained
permeability coefficient for F-pore (591.82 L m *h™"
bar™'), OH-pore (575.84 L m*h~'bar~') and H-pore
(563.41 L m*h~'bar ') showed that this functional-
ized nanostructure membrane can be used as a suit-
able membrane for water purification. The results
showed that the GONS with a suitable functionalized
pore was impermeable to perchlorate ions with a
high permeability value for water molecules.
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