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Industrial wastewater contains toxic metals such as copper, lead, cadmium, zinc and cobalt. Hence, it is

necessary to eliminate the toxic heavy metal ions from wastewater before it is released into the

environment. In this study, we have used classical molecular dynamics (MD) simulations and density

functional theory (DFT) calculations to investigate the desalination performance of nanoporous graphene

(NPG) membranes for different pore sizes and chemical functionalization (hydroxyl, nitrogen and

fluorine) of the pore. The underlying mechanism involved in the separation process is explained using

potential of mean force (PMF) calculations and plane-wave (PW) DFT calculations. The estimated energy

barriers using DFT calculations were found to be in good agreement with the results obtained using

classical MD simulations. This study shows that the NPG functionalized with N (NPG-N) shows higher

salt rejection with intermediate permeability compared NPG functionalized with F (NPG-F) and OH

(NPG-OH). NPG-OH shows higher water permeability with lower salt rejection compared to NPG-N and

NPG-F. However, NPG-F shows lowest permeability compared to other two NPGs considered in this

study. Even at high pressures like 500 MPa the salt rejection percentage is not less than 90% and the

minimum permeability is 270 L cm�2 h�1 bar�1. Overall, our results indicate that the water permeability

of NPG membranes is about 4–5 orders of magnitude higher than the existing technologies. Thus, the

NPG membrane may have a valuable role to play in industrial waste water purification.
1. Introduction

Heavy metal pollution due to the indiscriminate disposal of
wastewater is a worldwide environmental concern. Wastewater
from industries such as metallurgical, mining and chemical
manufacturing industries contains many kinds of toxic metal
ions.1,2 A growing number of toxic contaminants are being
poured into water resources, which has led to numerous people
becoming sick or dying from contaminated water.3–5 Thereby, it
is necessary to eliminate the toxic heavy metal ions from
wastewater before it is released into the environment. These
problems have driven rapid advancements in water purica-
tion6 and wastewater reutilization7 in recent years. Membrane-
based desalination techniques, mainly reverse osmosis (RO),
are currently considered as more environmental friendly and
energy-efficient than that of thermal desalination methods such
as multistage ash and multiple-effect distillation.8 Although,
traditional membrane based desalination technique is the most
efficient technique to date, it suffers from low desalination
capacity and high capital costs.9–11 Moreover, the conventional
membranes currently used in the RO plants are prone to
fouling, suffer from ux decline under high pressure, undergo
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rapid degradation, and have low tolerance to high tempera-
ture, acids/alkaline, chlorine, and organic solvents.12 Hence
there is a pressing need for developing novel membranes with
high water permeability coupled with high salt rejection
capacity, which can reduce the energy consumption of the RO
process.13,14 The ideal membrane should provide higher ux
and selectivity, improved stability, and resistance to fouling.
Also, it should be as thin as possible and mechanically robust
to maximize permeability, should be chemically inert, and
must retain a high salt rejection rate throughout its service
life.15 Recently, nanostructures such as zeolites, metal organic
frameworks, ceramics and carbon based materials have
attracted considerable attention as alternative membrane
materials to replace polymeric membranes due to its good
chemical resistance, high ux, and high rejection rates.13

However, zeolites membranes have failed to realize econom-
ical fabrication on a large scale due to manufacturing cost,
reproducibility and presence of defects.16 The ceramic
membranes are also costly and very brittle under high pressure
that limits their practical application in membrane technolo-
gies. Although it is possible to fabricate high-ux and high
selectivity membranes from carbon nanotubes (CNTs), it is
currently difficult to synthesize highly aligned and high
density CNTs with large lengths. CNTs remain an active area of
research for membrane technologies but cost and operational
issues have greatly hindered the development and integration
This journal is © The Royal Society of Chemistry 2016
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of CNTs into large area membranes.17 In recent years, gra-
phene based materials have attracted great interest for their
potential use in desalination and purication of contaminated
water.

Graphene is a two-dimensional sheet of sp2-bonded carbon
atoms in a hexagonal honeycomb network, and it has an
excellent mechanical, thermal, and electronic properties.18 A
stable porous graphene is recently fabricated by creating pores
in graphene sheet (GS) using a focused electron beam of the
transmission electron microscope (TEM).19 The resultant
porous GS is found to allow the DNA to pass through the
nanopores. Ion bombardment is also employed to create
nanopores in GS.20,21 First principle calculations22,23 and exper-
imental investigations24 demonstrated that angstrom-sized
pores on graphene are capable of selective molecular sieving
for gas separation. In the recent past, the selective penetration
properties of NPG membranes have been investigated using
molecular dynamics (MD), and showed that they can be utilized
to separate different gases25 and ions26 selectively through the
design of various nanopores with different shapes, sizes, and
chemical functionalities. Cohen-Tanugi et al.27 indicated that
single-layer graphene with nanopores can be utilized to sepa-
rate NaCl from water efficiently and the desalination perfor-
mance depends on the pore size, chemical functionalization,
and the pressure applied.

It is also demonstrated that the chemical functionalization
of pore rim can affect the separation performance of porous
graphene membranes. Sint et al.26 designed functionalized
nanopores in graphene monolayers and showed that they could
serve as ionic sieves of high selectivity and transparency using
MD simulations. Various research groups have synthesized GS
functionalized with carboxylate,28 hydroxyl28 and amine termi-
nated polystyrene.29 In an experimental study, functionalized
(carboxylate, hydroxyl and amine) graphene sheets have been
used for removal of high concentrations of metal salts.30

Furthermore, Sun et al.31 investigated the transport of alkali and
alkaline earth cations (Na+, K+, Mg2+, Ca2+ and Ba2+) into and
through graphene oxide (GO) membranes. The authors, using
rst-principles calculations based on the plane-wave (PW) basis
set density functional theory (DFT) approach, studied the
interaction metal-graphene interactions, and found their
results consistent with the experiments. Konatham et al.32

found that in NPG sheet, the pore diameter has the largest effect
on free-energy proles of the graphene sheets. On the other
hand, hydroxyl (–OH) functionalized pores gave promising
results for the removal of ions at both low and moderate ion
concentrations indicating their strong potential for the puri-
cation of contaminated water.

In this paper, we have performed MD simulations using NPG
membranes for removal of heavy metal ions from water. Using
classical MD simulations, we examine the metal ion separation
performance using NPG membranes with variable pore size,
pore chemistry, and applied hydrostatic pressure. We quantify
the effect of functionalizing pores with nitrogen, uorine and
hydroxyl (–OH) on the ability to reject Pb(NO3)2, Cu(NO3)2,
Cd(NO3)2, Co(NO3)2 and Zn(NO3)2 using water permeability, salt
rejection and free-energy proles.
This journal is © The Royal Society of Chemistry 2016
2. Models and methods
2.1 DFT calculations

The functionalized NPG sheet is prepared by drilling off the
carbon atoms from a GS of size 20 Å � 20 Å. The number of
carbon atoms to be removed from the GS for a functional group
is decided on the basis of hydration radius of the ion. The pore
size is selected in such a way that it is less than the hydration
radius of the ion. In this study, the nanoporous sheet is func-
tionalized using N, F, and OH functional groups. These func-
tionalized NPGs are optimized using PW-DFT to get the
minimum energy structures of the NPGs. The optimized
geometries and the respective electron density isosurfaces are
used to calculate the pore size. Here, the pore size is dened as
the average of the maximum and minimum distances within
the pore. The pore sizes of N, F and OH-functionalized porous
GS are 8.0, 9.0 and 12.0 Å, respectively. We have also varied the
pore size of the membranes to study the effect of pore size on
separation of metal ions separation. The optimized structures
are further used in the calculation of free energy barrier for
water to pass through the graphene pore.

We have considered three different orientations for a water
molecule in order to estimate its free energy barrier to pass
through NPG. The considered different orientations for water
molecule for the N functionalized graphene pore are shown in
Fig. 1. The lowest energy structure among the considered orien-
tations is further used in the energy barrier calculations. Further,
we have varied the distance between the GS and the water
molecule, and performed single point energy calculations to
generate the energy vs. distance data. These single point energy
calculations are performed using PW-DFT and the resulted
energy vs. distance data is used to calculate the energy barrier.
These calculations on functionalized NPG are performed using
a periodic simulation box of size 22.098 Å � 21.263 Å � 100 Å.

All the PW-DFT calculations are carried out using PBE
functional and Ultraso pseudopotentials33 as implemented in
Car-Parrinello MD (CPMD)34,35 code. A PW cutoff of 25 Ry is
used. All the geometries are optimized using PW-DFT with
a convergence criterion of 10�6 a.u. for SCF tolerance, 10�5 for
energy. For the single point energy calculations, we have used
wave function gradient convergence of 10�7 a.u.
2.2 Classical MD simulations

In order to perform MD simulations we have replicated the DFT
optimized 20 Å functionalized graphene sheet to create the GS
membrane of size 110.55 Å � 106.36 Å having 25 pores. This is
placed parallel to the xy plane in the center of the simulation
box. The pores are functionalized using functional groups:
hydroxyl (NPG-OH), nitrogen (NPG-N) and uorine (NPG-F). All
MD simulations are carried out with LAMMPS soware.36 These
simulations are performed for systems with various aqueous
solutions of Cd(NO3)2, Cu(NO3)2, Pb(NO3)2, Co(NO3)2 and
Zn(NO3)2 ionic salts. TIP3P37 model is used to represents the
water molecules, and OPLS (optimized potential for liquid
simulation) parameters are used for metal ions, GS and func-
tional groups.38 The long-range electrostatic interaction is
RSC Adv., 2016, 6, 63190–63199 | 63191
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Fig. 1 Different orientations considered for water molecule in the
NPG-N for energy barrier calculations: (a) hydrogen atoms of water
molecule are in upward direction to the graphene pore, (b) hydrogen
atoms are in the same plane of graphene pore, and (c) one of the
hydrogen oxygen bond axis of the water molecule is perpendicular to
the pore axis.

Table 1 Non-bonded interaction parameters

Molecules/ions Site Charge (e) s (Å) 3 (kcal mol�1)

Water O (water) �0.8340 3.1506 0.1521
H (water) 0.4170 0.000 0.0000

Graphene C 0.000 3.400 0.0556
NPG-N C (graphene) 0.241 3.400 0.0556

N �0.241 3.263 0.077
NPG-F C (graphene) 0.220 3.400 0.069

F �0.220 2.850 0.061
NPG-OH C (graphene) 0.200 3.400 0.086

O �0.640 3.070 0.155
H 0.440 0.000 0.000

–NO3
� N 0.950 3.207 0.160

O �0.650 3.349 0.170
Metal ions Pb2+ 2.000 3.000 0.19112

Cd2+ 2.000 2.700 0.00597
Cu2+ 2.000 2.130 0.0500
Co2+ 2.000 2.100 0.1811
Zn2+ 2.000 1.950 0.2500
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accounted using particle–particle particle–mesh (PPPM) tech-
nique. The force eld parameters used in this work are tabu-
lated in Table 1. The carbon atoms in GS are modeled as
uncharged and kept rigid. On the other hand, the functional
groups on the GS pores are kept exible.
63192 | RSC Adv., 2016, 6, 63190–63199
The non-bonded interactions of water and ions with gra-
phene are described by eqn (1).

Unonbond ¼ 43ij

"�
sij

rij

�12

�
�
sij

rij

�6
#
þ qiqj

4p30rij
: (1)

where, 3ij and sij are the energy and length parameters of
Lennard-Jones potential, respectively. The charges on the atoms
i and j are represented by qi, and qj, respectively. rij denotes
center to center distance, and 30 represents the dielectric
permittivity constant.

All the stretching and bending interactions are modeled
using harmonic potentials:

Ubond ¼ 1

2
kr
�
r� req

�2
;Uangle ¼ 1

2
kq
�
q� qeq

�2
: (2)

Non-bonded cross interaction parameters of unlike pairs are
calculated using Lorentz-Berthelot mixing rules.

The potential of mean force (PMF), for water and ions, is
calculated in the direction perpendicular to the membrane pore
(+z) using umbrella sampling,39,40 with 0.5 Å width of umbrella
window. A biasing potential of around 10 kcal (mol�1 Å�2) is
applied on the z coordinates of the ion and water in each window.
All simulations are performed for 5 ns, and last 4 ns congurations
are used for data analysis. The yielded umbrella histograms are
then unbiased and combined using weighted histogram analysis
method39 (WHAM) to obtain the PMF prole. NPG is solvated in
0.5 M initial concentration of ions is considered to calculate the
PMF of water molecule. To obtain sufficient sampling in each
window region, a quadratic biasing potential is used

wiðxÞ ¼ 1

2
Kðx� xiÞ2: (3)

where, x is the distance between the center of mass of molecule
and graphene nanopore, xi is the variation in the reaction
coordinate from the graphene nanopore. K is the initially
applied umbrella potential used to provide a signicant over-
lapping between windows.
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Functionalized NPG sheet (blue color functionalized atom)
(b) overall view of the computational system, water (light blue surface),
metal ions (pink color), nitrate ions (green and red color) and pressure
applied on piston (grey color).
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The biased probability r(b)(x) data from MD simulations is
post processed using the WHAM to obtain the unbiased prob-
ability r(x) in the ith window, which is further used to estimate
the PMF (W(x)) using the following equation:

Wi(x) ¼ �kBT ln r(x) � wi + Fi, (4)

where the unknown free energy constant Fi is dened by the
equation

eFi=kBT ¼ �
ewi=kBT

�
: (5)

In the WHAM, one uses an iterative process to determine the
free energy constants, Fi. An initial guess set for Fi is used to
estimate the unbiased probability (r(x)) distribution given by

rðxÞ ¼

XNw

i¼1

gi
�1r

ðbÞ
i ðxÞ

XNw

j¼1

njgj
�1e�bðwj ðxÞ�FjÞ

: (6)

where, Nw is the window number and n is the number cong-
urations for a biased simulation. The statistical inefficiency gi is
given by gi ¼ 1 + 2si, with the integrated autocorrelation time si
of umbrella window i. The quantity Fi is considered as the
dimensionless free energy corresponding to the ith window, and
it can be determined by the following equation

e�bFi ¼
ð
e�bwiðxÞrðxÞdx: (7)

The unbiased probability itself depends on the value of Fi,
hence the WHAM eqn (6) and (7) must be solved iteratively until
they are self-consistent.

The simulations are performed using 0.5 M concentration
for each metal ion using their nitrate salts in an aqueous
solution. A representative snapshot is shown in Fig. 2. First, an
upstream reservoir is initially lled with a salt water of 0.5 M
concentration. The second portion of the box is made up of an
initially empty downstream reservoir. The physical rigid piston
made of a single layer of graphene in the xy plane is positioned
initially at end of the solution containing reservoir, and
subsequently allowed to push the salt water towards the NPG
membrane at a prescribed external force. A simulation box of
110.55 � 106.36 � 103.00 Å3 size is used containing NPG
membrane aligned along the z-axis. Subsequently, 50 175 water
molecules and 150 metal ions are added to the simulation box
with the help of Packmol program.41 Periodic boundary condi-
tions are applied in x and y directions. The long-range electro-
static interaction is accounted using particle–particle particle–
mesh (PPPM) technique. A cut off distance of 10 Å is used for
the non-bonded interactions. A time step of 1.0 fs is used, and
trajectories of the simulations are collected at every 10 ps for the
analysis. Non-equilibrium MD simulations are performed by
applying a constant force to the rigid piston, corresponding to
ve different external pressures DP¼ 100, 200, 300, 400 and 500
MPa. In addition, we have also performed simulations at lower
pressures of 5 and 10 MPa. The overall system is simulated
This journal is © The Royal Society of Chemistry 2016
under NVT ensemble, at a constant volume and temperature
(298 K), using a Nosé–Hoover thermostat42,43 for 10 ns. The
trajectories of the system obtained from NVT simulations are
used to calculate the ux, salt rejection and water permeability.
3. Results and discussion
3.1 Salt rejection

We start with the discussion on the salt rejection, which is one
of the key issues for the separation performance of NPG
membranes in water purication processes. Fig. 3a–c presents
the salt rejection for NPG functionalized with hydroxyl, nitrogen
and uorine, at different pressures. In case of NPG-OH for all
the salts considered in this study complete rejection is observed
up to 100 MPa, and beyond 100 MPa salt rejection is found to
decrease with increase in pressure (see Fig. 3a). The amount of
decrease in the salt rejection is different for different type of
ionic salts considered in this study. The maximum reduction is
seen for zinc, and minimum reduction is observed for lead such
that the percentage of salt rejection at 500 MPa is approximately
98% for lead salt and 90% for the zinc salt. In contrast to the
behavior seen for NPG-OH the salt rejection for all the ionic
salts in case of NPG-N is 100% up to 400 MPa, and beyond this
pressure the percentage of salt rejection decreases (see Fig. 3b).
RSC Adv., 2016, 6, 63190–63199 | 63193
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Fig. 3 Salt rejection as a function of applied pressure for NPG-OH,
NPG-N and NPG-F pores. The results indicate that smaller pores are
capable of effectively rejecting salt, but the rejection performance
decreases with higher pressures.
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The average percentage of the salt rejection for all the ions is
approximately 98% at 500 MPa, which is remarkably good. Thus
NPG-N is quite efficient material for rejection of ions up to 500
MPa. We further investigated the behavior of salt rejection in
the presence of uorine functionalized NPG, and found decline
in the salt rejection capability than seen for NPG-N. However,
NPG-F shows a better salt rejection performance than NPG-OH.
The percentage of salt rejection observed for NPG-F is 100% up
to 300 MPa for all the ionic salts considered in this study.
Beyond 300 MPa there is decrease in salt rejection for all the
ionic salts other than the lead salt. For the lead salt the
percentage of rejection is �100% for the entire pressure range
(100–500 MPa) considered in this study. The average percent of
salt rejection for all ionic salts (other than lead) at 500 MPa is
approximately 98%. This shows that the reduction in the salt
rejection percentage is approximately 2% with increase in
pressure from 300 MPa to 500 MPa.

It is evident based on the results presented above that, for the
considered functionalized NPGs and applied pressures, NPG-N
shows superior salt rejection ability compared to NPG-F and
NPG-OH. Furthermore, compared to NPG-OH, NPG-F pore
shows better salt rejection percentage at high pressures. Hence,
the salt rejection efficiency of the three systems follows the order
of NPG-N > NPG-F > NPG-OH. The variation in the percentage of
the salt rejection for different pores (NPG-OH, NPG-N, and NPG-
F) and different ionic salts is primarily because of the changes in
the free-energy barrier due to the change in pore chemistry and
salt. This aspect is discussedmore elaborately in the later part of
the article using PMF analysis.
Fig. 4 Water flux per nanopore across NPG-OH, NPG-N and NPG-F
pores at 0.5 M initial salt solution. The inset shows the water flux per
nanopore for 5 and 10 MPa pressures.
3.2 Water conduction across NPG sheet

Now, we turn our attention to the water conduction rate across
the NPG sheets under external hydrostatic pressure. We rst
63194 | RSC Adv., 2016, 6, 63190–63199
measure the water conduction across the NPG sheets with pore
functionalized with three different groups (hydroxyl, nitrogen
and uorine) under applied pressures ranging from 100 to 500
MPa. Althoughmost of the industrial desalination processes are
operated at a pressure of 5.5 MPa, higher pressure used here
allowed us to obtain reasonable statistics within practical
simulation time frame. Fig. 4 presents the water ux across the
membrane as a function of the external hydrostatic pressure.
The net ux is dened as the number of water molecules per
picosecond per nanopore permeating across the NPG sheet. It is
found that the water ux increases with the applied pressure,
consistent with the previous observations for nanotube
membranes44 and graphene nanopores.27 Fig. 4a presents the
change in water ux with the applied pressure for NPG-OH. In
the case NPG-OH, the water ux increases for all metal ions with
increasing pressure (see Fig. 4a). The ux is almost same for all
ionic solutions up to 500 MPa. Similar, behavior is seen for
NPG-N and NPG-F pores. While there is no evidence of pla-
teauing of the ux with pressure for NPG-OH, it is seen for NPG-
N and NPG-F beyond 400 MPa i.e., the ux values remain more
or less constant beyond 400 MPa for nitrogen and uorine
functionalized NPG (Fig. 4b and c). Specically, under a given
pressure of 300 MPa, the average water transport through NPG-
N and NPG-F pores is �39% faster than that seen for NPG-OH.
Therefore the NPG-N and NPG-F are both permeable to water,
and the corresponding water ux is higher than that for NPG-
OH (Fig. 4a–c). This analysis shows that the water ux
through NPG-F is more compared to NPG-N and NPG-OH up to
300 MPa. In general the water ux follows the order of NPG-F >
NPG-N > NPG-OH for the lower pressure range. Aer 300 MPa
there is not much change in water ux value in the different
functionalized NPGs.

Since most of the industrial reverse osmosis (RO) processes
are operated within a pressure range of 5–10 MPa, we have
performed additional molecular dynamics (MD) simulations at
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Average water permeability for the considered NPG-OH, NPG-
N and NPG-F pores.
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5 and 10 MPa. The water ux values calculated at these pres-
sures are shown as insets in Fig. 4, which are found to be many
order lower than that seen for a pressure of 300 MPa. To study
the effect of pore size on the desalination performance we
carried out simulations for different pore sizes of functionalized
NPG, at a pressure of 300 MPa. In case of NPG-OH, increasing
the pore size from 8 to 9 Å increases the average water ux from
�55 to �88 molecules per (ps per pore). For NPG-N, at 5 Å pore
size the water molecules do not pass through the pore, and
upon increasing the pore size to 9 Å the water ux increase to
�110 molecules per (ps per pore). In case of NPG-F, for 8 and 12
Å pore sizes the obtained water ux values are �64 and �113
molecules per (ps per pore) respectively. Thus, for all the cases
we observed increase in the ux value with increasing the pore
size.

The water ux and salt rejection of dissolved impurities are
the two main aspects for governing the separation performance
of graphene and GO-based membranes in water purication
processes. Recent MD simulations45,46 on GO membranes show
that the GO also has the potential to separate the ions and dye
molecules from contaminated water. Hu et al.47 reported that
GO membranes display signicant rejection of monovalent and
divalent salts and moderate or high rejection of organic dyes.
According to Josh et al.,48 the ltration is exclusively related to
the hydrated radii of particles and does not depend on the
charge of ions passing through the system. It was observed that
an ultrafast permeation is possible only for ions smaller than
a specic size. The GO membranes demonstrated signicant
promise for water purication applications in various studies.
Compared to GO, graphene is simpler to design, more toxic to
microbacteria,49 andmore resistant to swelling in water. Thus, it
is more competitive compared to GO. In order to understand
the mechanism of water transport through these pores we have
also performed PMF calculations for water and ions, which are
presented in a later section.
3.3 Water permeability

The average water permeability across three different func-
tionalized graphene pores as a function of effective pore area of
functionalized GS is shown in Fig. 5. The permeability is
calculated as (number of water molecules)/(area � time �
applied pressure). It is evident from the Fig. 5 that the perme-
ability is highly dependent on functional groups leading to
different pore sizes. In case of NPG–OH group, all ions have
almost constant permeability. The water permeability is highest
for NPG-OH is around 590–620 L cm�2 h�1 bar�1, and this
narrow range show that the water permeability is nearly same
for all the heavy metal ions in the aqueous solutions. However,
nitrogen and uoride groups show some variability in the
permeability values for different ions considered in this study.
For example, for NPG-N, the permeability value range is 470–
550 L cm�2 h�1 bar�1 for different ions considered in this study.
Moreover, the highest permeability value is observed for the
case of Pb2+ ion solution among the other ionic solutions. This
value is comparable to that seen for the NPG-OH case. The water
permeability for NPG-F is around 270–350 L cm�2 h�1 bar�1 for
This journal is © The Royal Society of Chemistry 2016
all metals ions considered in this study. The highest water
permeability of �620 L cm�2 h�1 bar�1 is obtained in Pb2+ ion
solution for NPG-OH, which is �13% and 50% larger than that
seen in Pb2+ solution for the cases of NPG-N and NPG-F,
respectively. Similar behavior is seen for other metal ions.
This analysis shows that the water permeability is more for
NPG-OH than NPG-N and NPG-F. This is because the pore area
of NPG-OH is lower than that of NPG-N and NPG-F.

The water permeability behavior can be explained by the
strength of hydrogen bond formed between the three
membranes and a water molecule. To account for the hydrogen
bond strength we have performed equilibrium MD simulations
of a single water molecule and NPG systems. The difference in
the interaction energies between the composite system and
pure systems (ENPG-H2O� ENPG� EH2O) is taken as the strength of
the hydrogen bond. The obtained interaction energies are 3.87,
2.23, 1.70 kcal mol�1 for NPG-OH, NPG-N and NPG-F systems,
respectively. This shows that the strength of the hydrogen
bonding for NPG-OH is more compared to the other two NPGs.
Thus, the strong hydrogen bonding of the water molecule with
the pore functional group results in reducing ux rates. This
clearly shows that NPG-F exhibits higher probability to pass the
water molecules through its pore. This in inline with the
calculated order of water ux through NPG: NPG-F > NPG-N >
NPG-OH.

To understand the underlying mechanism of the heavy metal
ion rejection though NPG membrane, we have calculated the
PMF for water molecule and metal ion across the monolayer
graphene nanopore using umbrella sampling.
3.4 Potential of mean force calculation

The PMF results are calculated across the three functionalized
monolayer GS pores for all metals ions as per the method
described earlier. By using eqn (3) we provide a biasing poten-
tial to move the molecule or ion from the bulk region through
the center of each pore (z ¼ 0 Å), to the bulk region (z ¼ 15 Å).
The biased probability of histogram data from MD simulations
is post-processed using the WHAM technique, as described in
eqn (4)–(7), to obtain the unbiased probability. Here we have
reported the PMF proles for single metal ion and one water
RSC Adv., 2016, 6, 63190–63199 | 63195
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molecule in an aqueous solution of 0.5 M metal solution on
both sides of graphene pore.

Fig. 6 shows the PMF proles of heavy metal ions for NPG-
OH pore. In the above mentioned gures the NPG is located
at z ¼ 0 Å. The PMF proles are almost symmetric around the
NPG as environment on both sides of the NPG is same. In the
PMF proles (Fig. 6), as the metal ion moves towards the NPG
pore from the bulk water, there are three distinctive minima
located at 8.0 Å, 5.0 Å and center of the pore (z ¼ 0 Å) for all the
ions. The rst minimum from the surface (at 5.0 Å) is known as
the contact minima between the ion and NPG-OH. The second
minimum (at 8.0 Å) is known as solvent layer separated
minimum.50 In case of Pb2+ ion (Fig. 6) a noticeable higher
energy barrier is observed around 2.5 Å and the barrier value is
4.5 kcal mol�1. There is also a second energy barrier at 6.0 Å (1.7
kcal mol�1), which is less than that observed at 2.5 Å. The
position of the rst energy barrier (z ¼ 6.0 Å) and the energy
value (0.5 kcal mol�1) are same for other metal ions. The second
energy barrier for other ions also appears at 2.5 Å and the values
are 3.7, 3.5, 4.5 and 3.5 kcal mol�1 for Cd2+, Co2+, Cu2+ and Zn2+,
respectively. The higher the energy barrier, resistance to pass
through the NPG pore increases. Hence, increase/decrease in
the energy barrier should increase/decrease the salt rejection
ability of the NPG pore. The salt rejection (see Fig. 3a) values in
the presence of Cd2+, Co2+, Cu2+, Pb2+ and Zn2+ ions are 95.46,
93.31, 95.50, 99.66 and 90.35% at 500 MPa. The calculated salt
rejection values clearly correlate well with the free-energy
values. Among all the ions, for NPG-OH, the maximum salt
rejection value is for Pb2+ for the applied pressure range (100–
500 MPa). This is due to higher energy barrier for Pb2+ ion as
compared to other metal ions.

Fig. 6 also shows the PMF prole of a water molecule in ionic
solutions for NPG-OH pore, which exhibits two minima at 3.5
and 6.0 Å from the surface. The PMF prole clearly represents
two distinctive energy barriers around 2.0 and 5.0 Å from the
surface. While the position of rst energy barrier (2.0 Å) of
Fig. 6 PMF for metal ion (solid line) and water molecule (dashed line)
as a function of its axial distance from the center of NPG-OH pore.

63196 | RSC Adv., 2016, 6, 63190–63199
a water molecule is indifferent to metal ions, the barrier vary
viz., 3.0, 3.4, 3.4, 3.0 and 2.7 kcal mol�1 in the presence Cd2+,
Co2+, Cu2+, Pb2+ and Zn2+ ion, respectively. The position of the
second energy barrier (5.0 Å) as well as barrier value is same (0.5
kcal mol�1) for all the ionic solution. The position of the rst
two minima (3.5 and 6.0 Å) of water molecule is nearer to the
pore in comparison to that seen for the metal ions (8.0 and 5.0
Å). The lower energy barrier for water molecule as compared to
metal ions implies that the water molecule can easily passes
through the pore. From the energy barrier plots we can see that
the energy barrier for water is lower than that of metal ions. This
shows that the water can pass through the pores very easily
compared to the ions. The water molecule has higher energy
barrier in the Co2+ and Cu2+ salt solutions compared to other
metal ions (see Fig. 6). These results are in agreement with the
behavior seen in the water ux calculations. The average water
ux (see Fig. 4a) in Cd2+, Co2+, Cu2+, Pb2+ and Zn2+ solutions is
86.0, 82.0, 79.0, 87.0, 87.50 molecules ps�1 per nanopore,
respectively. This shows that the water ux is higher in the
presence of Zn2+ and Pb2+ ions, which is due to the lower energy
barrier for water molecules, as observed in the PMF proles. It is
noted that the behavior of the PMF proles depends on the
arrangement of water molecule near the pore.

The PMF proles of metal ions and water molecule in
different ionic solutions, across NPG-N, are shown in Fig. 7. The
PMF prole for all the ions considered in this study (Fig. 7)
shows that there are two minima associated with the energy
prole, while the ionmoves towards the graphene pore from the
bulk water. These two minima are located at 5.0 Å and at the
center of pore (0 Å). Moreover, we can also see that there exist
two distinctive energy barriers for the ion movement towards
the surface at 6.0 and 2.0 Å. The rst energy barrier (6.0 Å) for
the Cd2+, Co2+, Cu2+, Pb2+ and Zn2+ ions in water solution is 0.6,
0.5, 0.5, 1.0 and 0.5 kcal mol�1, respectively. On the other hand,
the second energy barrier, at 2.0 Å, associated with the ion
movement in water Cd2+, Co2+, Cu2+, Pb2+ and Zn2+ ions is 2.0,
Fig. 7 PMF for metal ion (solid line) and water molecule (dashed line)
as a function of its axial distance from the center of NPG-N pore.

This journal is © The Royal Society of Chemistry 2016
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4.5, 4.6, 3.7 and 4.5 kcal mol�1, respectively. This analysis shows
that for NPG-N the Co2+, Cu2+ and Zn2+ ion shows higher energy
barrier in comparison to that seen for other metal ions in the
water. The salt rejection (Fig. 3b) results are consistent with
PMF proles.

The PMF proles for water molecule across NPG-N shows two
minima (at 3.5 and 6.0 Å) and two energy barriers (at 5.0 Å and at
the center of the pore). Unlike NPG-OH, second energy barrier
observed at the center of the pore is lower, which suggests
higher ux through the NPG-N in comparison to that seen for
NPG-OH. The energy barrier of water molecule at 5.0 Å in the
presence of all ionic solutions is around 0.5 kcal mol�1. On the
other hand, the energy barriers for the water molecule at the
center of the pore (0 Å) in Cd2+, Co2+, Cu2+, Pb2+ and Zn2+ ionic
solutions are 4.1, 3.1, 3.1, 3.5 and 3.0 kcal mol�1, respectively.
The lower energy barrier for water molecule as compared to the
metal ions implies that the water molecule can easily pass
through the pores. The average water ux values for the whole
pressure range follow the order: 90.0, 96.50, 96.0, 95.0, 97.0
molecules ps�1 per nanopore, in the presence of Cd2+, Co2+,
Cu2+, Pb2+ and Zn2+ ions, respectively. This water ux results are
in agreement with the PMF results, where energy barrier for
water is lowest in Pb2+ solution, and highest in Zn2+ solution.

Fig. 8 presents the PMF proles for ions and water mole-
cules, across NPG-F, in different ionic solutions. The behavior,
position of energy barrier and energy minima, observed in PMF
proles of water and ions are qualitatively akin to that seen for
NPG-N and NPG-OH. However, the order of increasing energy
barrier for ions and water is different. For ions the increasing
order for the energy barrier is Pb2+, Cd2+, Co2+, Cu2+ and Zn2+. In
case of water the increasing order for energy barriers is Pb2+,
Zn2+, Cd2+, Co2+ and Cu2+. In general, it is evident from the
above that the energy barrier for water molecules is lower than
that experienced by metal ions. Hence, water molecules pass
through the pore with relative ease. The water ux values (see
Fig. 4c) values for NPG-F are in line with PMF results. In
Fig. 8 PMF for metal ion (solid line) and water molecule (dashed line)
as a function of its axial distance from the center of NPG-F pore.

This journal is © The Royal Society of Chemistry 2016
particular, the water ux is lowest in the presence of Pb2+ ionic
solution, which is in contrast to the behavior seen in NPG-N and
NPG-OH. This behavior corroborates the PMF nature observed
in different functionalized NPGs.

3.5 Energy barrier calculation using DFT

In order to validate our observations based on PMF using
classical MD, we have used DFT to calculate the energy barrier
for the water molecule to pass through the graphene pore
functionalized with N, F and OH functional groups. We have
taken the lowest energy structure among the considered three
orientations in this study for interaction energy calculations.
The interaction energy is calculated varying the distance of the
water molecule from the graphene surface along the pore axis.
The interaction energy of water molecule with the functional-
ized nanopore graphene is shown in Fig. 9. It is evident from the
Fig. 9 that at the pore (z ¼ 0 Å) the energy is lowest, and as the
molecule move away from the surface the interaction energy
increases until it reaches a distance of 5 Å beyond which the
energy remains constant. This constant energy represents that
there is no effect of surface on the water molecule beyond 5 Å.
To calculate the energy barrier for the water molecule to pass
through the pore we have taken the energy of the molecule at
the pore as reference (i.e. zero). The difference between the
constant energy and energy at the pore is considered as the
energy barrier. The energy barriers for water molecule for the
OH, N, and F functionalized graphene pores are 3.0, 1.85 and
0.57 kcal mol�1 respectively. The order of probability for the
water molecule to pass through the pore, from the energy
barriers obtained from the DFT calculations, is NPG-F > NPG-N
> NPG-OH. These results are in agreement with the water ux
results and PMF proles of water obtained in the MD simula-
tions, where the order of the permeability is same as observed in
the DFT calculations. The ux calculations also show the same
order as observed in our DFT study.

3.6 Performance comparison

Fig. 10 shows the performance comparison between hydroxyl,
nitrogen and uorine functionalized NPG and the existing
technologies. The overall results show that the functionalized
Fig. 9 Interaction energy profiles of water molecule with the func-
tionalized nanopore graphene as function of distance between the
graphene pore and the water molecule.

RSC Adv., 2016, 6, 63190–63199 | 63197
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Fig. 10 Comparison of water permeability and salt rejection of func-
tionalized NPG with the existing various technologies reported in
literature.
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nanopore GS can be highly efficient for removing heavy metals
from contaminated wastewater. The rejection percentage of salt
is not less than 90% even at high pressures like 500 MPa.
Moreover, the permeability of the water is 4–5 orders more than
the existing technologies. For the case of NPG-OH we have
observed very high permeability with �90% salt rejection
percentage compared to NPG-N and NPG-F. On the other hand
NPG-N has intermediate permeability with �100% salt rejec-
tion. However, NPG-F shows the low permeability compared to
the other two NPGs considered in this study. Overall, the
enhanced water permeability and salt rejection using func-
tionalized NPG can offer important advantages over existing
technologies.51,52 Reverse osmosis (RO) is considered as the
most energy-efficient technique for desalination process. But
the conventional polymeric membranes used in RO have lower
ux rates, and also suffer from fouling and poor chemical
resistance. The working pressures of existing RO process can
reach up to a maximum pressure of 10 MPa 53 and the reported
power consumption of RO54 in the mentioned operating range
is 10 kW hm�3. The power consumption is directly proportional
to the operating pressure and inversely propositional to the
permeability amount. The minimum operating pressure of the
NPG in this study is 300 MPa, which is 30 times more than the
operating pressure of RO. The permeability seen in NPG
membranes is approximately 5 orders more than that of the RO
process. This indicates that the power consumption in case of
NPG may be six times than that of the existing RO technology.
However, economical viability of NPGs at higher pressures
would require an in-depth economical cost analysis, which is
outside the scope of the current work.

4. Conclusions

MD simulations are performed to study the water transport
through functionalized NPG membrane while rejecting the
63198 | RSC Adv., 2016, 6, 63190–63199
divalent metal ions at 100%, serving as effectively for waste
water treatment. We have established that the ltration and
separation performance of metal ions is most sensitive to pore
size and pore chemistry of GS. Our results suggest that func-
tionalizing the pores with hydroxyl and nitrogen might be
a promising strategy because these pores yield high salt rejec-
tion with high water permeability. The mechanism of the water
transport and ion rejection is explored using PMF calculations.
Moreover, we have also used DFT calculations to corroborate
the PMF results obtained using classical MD simulations. PMF
results for NPG functionalized with different functional groups
show signicantly higher energy barriers for ions than that for
water. This shows that the water pass through the pores more
easily than the ions. The energy barrier for the water molecule is
higher for NPG-OH followed by NPG-N and NPG-F which shows
that the water ux will be more for NPG-F than the other two
NPGs considered in this study. The water ux and PMF results
obtained for water using MD simulations are also in agreement
with the DFT calculations. Even at high pressures like 500 MPa
the ion rejection is not less than �90% and the minimum
permeability is �270 L cm�2 h�1 bar�1. These values of
permeability are 4–5 orders more than the values obtained
using the existing technologies with very high salt rejection.
This study shows that the NPG membrane may have a valuable
role to play for water purication from industrial waste.
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