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ABSTRACT
The presence of high concentration of arsenic in conventional water sources can cause serious health
and environmental hazards. An urgent need is to find an efficient adsorbent for the removal of arsenic
ions (As3+) from contaminated water. In the present study, molecular dynamics simulation is used to
understand the adsorptionbehaviour of As3+ onhexagonal boronnitride (h-BN) andgraphenenanosheets.
The adsorption of As3+ follows the Langmuir isotherm and the maximum adsorption capacities are
found to be 270.1 and 211.7 mg/g for h-BN and graphene nanosheets, respectively. Further, potential
of mean force (PMF) of As3+ revealed that the h-BN nanosheet possesses lower contact minima (−1.35
kcal/mol) for arsenic ion compared to graphene nanosheet (−1.2 kcal/mol). These results indicate strong
interaction between arsenic ion and h-BN nanosheet. On the other hand, desorption of As3+ on h-BN
nanosheet showed higher energy barriers (2.3 kcal/mol) compared to graphene nanosheet (1.5 kcal/mol).
Correspondingly, the residence time of As3+ is approximately threefold higher on h-BN nanosheet
compared to graphene nanosheet. We also report that the presence of partial charges on B and N atoms
in the h-BN sheet influence the adsorption behaviour As3+ ions and the maximum adsorption capacity
of h-BN nanosheet with partial charges is found to be 311.7 mg/g. Thus, our study strongly suggests the
potential applicability of h-BN nanosheet as an efficient adsorbent for the removal of arsenic ions.
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1. Introduction

In the past decades, the population growth in the world has
boomed. As a consequence, there is an increasing demand for
fresh water supply. The conventional sources such as rivers,
lakes, ground water, etc. are being exploited to fulfil this
demand, and are further worsened by industrial development
which are contributing to water pollution. The presence of
heavy metals ions, such as Pb2+, Cu2+, As3+, Cr4+, Hg2+ and
Zn2+, in industrial wastewater has been a great concern on
the environment and human health. Thus, there is a need for
treatment of industrial andmunicipal wastewater to protect our
conventional water sources from pollutants. Arsenic is one of
the common water pollutant having serious health concerns.

In natural fresh water sources, concentration of arsenic is
less than 1–2µg/L and theWorld Health Organization (WHO)
has recommended up to 10µg/L arsenic in drinking water [1].
Several countries, including India, Bangladesh, China, USA,
Australia, Pakistan, Vietnam, Nepal and South America are fac-
ing problem of arsenic concentration above 10µg/L in ground-
water and more than 100 million population are affected with it
[2–5]. Long time usage of arsenic contaminated water may
lead to severe health problems such as arsenicosis, dermal
lesions, peripheral neuropathy, and bladder, lung and skin
cancers [1,6,7].

Several techniques are used for the removal of arsenic from
water. This includes membrane filtration, coagulation-
precipitation, ion-exchange, adsorption and bio-remediation
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[7–11]. Among all these techniques, adsorption method is con-
sidered to be most efficient for the removal of metal ions from
water [8,9,12]. Several adsorbents such as activated carbons, clay
minerals, polymer resin, biosorbents and metal oxides, etc. are
used for the removal of arsenic fromwater [7,11,13]. The arsenic
(As3+) adsorption capacity of some suitable absorbents are
presented in Figure 1 [14–18]. Various chemical modifications
have been attempted to enhance the adsorption capacity. For
example, chemically modified saw-dust with La and Zr oxide
has been used for the removal of As3+ and As5+ ions from
water [16]. Iron-modified activated carbon has been applied
as an absorbent for the removal of arsenic ions from aqueous
solution, achieving the adsorption capacity of 43–51 mg/g for
As3+ and 38–39mg/g forAs5+ at different pH [19]. The increase
in saturation capacity of monolayer As3+ with increasing tem-
perature has been reported on Fe–Mg hydrotalcite [20]. Iron-
oxide nanoparticle coated with titanium oxide (Fe3O4@TiO2
nanoparticle) has been used to remove arsenic ions from
water in environmental conditions [21]. Anovel hybridmaterial
zirconium polyacrylamide (ZrPACM-43) for the adsorption of
As3+ ions has been reported by Mandal et al. [22] with the
Langmuir adsorption capacity of 41.48mg/g forAs3+.However,
these adsorbents suffer from some drawbacks of low adsorption
capacities, poor selectivity and costly regeneration [7,23–25].
Therefore, it is highly desirable to find low-cost alternative
adsorbents that exhibit high adsorption capacities, selectivity
and rapid regeneration.
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Among most of the inorganic nanomaterials, carbon-based
materials have attracted attention from several researchers
owing to its unique properties such as high porosity, large spe-
cific surface area, high chemical, thermal andmechanical stabil-
ity. Therefore the carbon-basedmaterials are used as nanomem-
branes for removal of organic pollutants from wastewater. The
chemically modified carbon nanotubes with functional groups
acts as adsorption sites for pollutants [26–28]. In spite of these
advantages, it is challenging to synthesise highly aligned carbon
nanotubes which limits their commercial usage [29]. Graphene
has been considered as superior adsorbent for the removal of
various environmental pollutants from wastewater, is econom-
ical and has novel properties similar to carbon nanotubes. Zhao
et al. [30], developed the graphene sponge and performed
adsorption and desorption study for various water contamina-
tions such as dyes, oils and many other organic solvents. Wu et
al. [31], studied removal of hazardous chemicals in wastewater
using graphene. While these studies show enhanced adsorption
for organic pollutants such as acrylonitrile and methyl blue on
graphene, the work of Mishra and Ramaprabhu [32] shows that
graphene sheets can be used to remove of high concentration
of inorganic species like arsenic and sodium ions from aqueous
solution.

The popularity gained by the graphene sheet as an adsorbent
for metal ions and organic pollutants from aqueous solution
has also insinuated the suitability of hexagonal boron nitride,
a structural analogue of graphene, for similar applications. A
hexagonal boron nitride is composed of alternating B and N
atoms substituting C atoms in a graphene sheet with almost
similar atomic spacing. In recent years, hexagonal boron nitride
(h-BN) nanosheet, have gained considerable attention due to
their exceptional properties such as resistance to oxidation,
large surface area, wide band gap, high mechanical, thermal
and chemical stability [33–35]. These properties make h-BN
nanosheet suitable material for various technological applica-
tions, including electronic devices [36], ultraviolet light emitting
devices [37], catalyst support [38,39] and lithium batteries [40].

Several studies have shown the potential of boron nitride
(BN) in adsorbing contaminants from aqueous solutions. Flu-
orinated activated boron nitride (F-ABN) [41] has been used
for effective and rapid removal of Cr3+ ion from aqueous solu-
tion with high adsorption capacity (387 mg/g). Li et al. [42,43]
reported that activated boron nitride is effective for the re-
moval of metal ions and organic pollutants from wastewater.
They found the maximum adsorption capacities of Co2+, Ni2+,
Ce3+ and Pb2+ as 215, 235, 282 and 225 mg/g, respectively,
on activated BN and concluded that the adsorption capacities
of activated BN is significantly higher than activated carbon.
Zhang et al. [44] observed high adsorption rate and capac-
ity of BN nanocarpets for methylene blue. The porous BN
nanosheet is found to be effective in adsorbing oils, organic
solvents and dye fromwater [45]. Chen et al. [46] have function-
alised BNnanotubewith Fe3O4 nanoparticles and used it for the
adsorption of arsenic ions (As5+) from water solutions. They
reported that the functionalisedmulti-walled boronnitride nan-
otube (BNNT) possessing high surface area is suitable for the
adsorption of As5+ ions and the maximum As5+ ion adsorp-
tion capacity of functionalised BNNT was estimated to be 32.2
mg/g. Recent study by Garnier et al. [29] shows permeation of

water through nanoporous graphene and BNmembranes. They
reported higher water permeability through the BN monolayer
membrane, which is mainly due to decrease in surface tension
of water near BN membrane in comparison to graphene mem-
brane. However, to the best of our knowledge, the application of
h-BN nanosheet for the removal of As3+ is lacking. Efforts are
needed to understand adsorption mechanism of As3+ on h-BN
nanosheet.

In natural conditions, arsenic mainly exits in two forms,
arsenite (As3+) and arsenate (As5+) in water [47]. It is well
known that toxicity of (As3+) is several order higher than that
of (As5+). Further, its lower affinity towards various adsorbents
make it difficult to extract from aqueous solutions [47–49].
The aim of this work is to provide insight into the adsorption
behaviour of As3+ on h-BN and graphene nanosheets using
molecular dynamics simulations. Also the current work
explores the structural and dynamic behaviour of As3+ ions
near the h-BN and graphene nanosheets.

2. Simulation details

2.1. Potential model

In the present study, hexagonal boron nitride (h-BN) and
graphene nanosheets are constructed using nanostructure
builder plug-in in Visual Molecular Dynamics package [50].
The single layer rectangular sheet of hexagonal boron nitride
(h-BN) and graphene nanosheets are considered with approx-
imate dimensions 52.0 and 43.0Åin x and y directions, re-
spectively. The system considered as an aqueous solution of
As(NO3)3 ionic salt on the top (in z direction) of the nanosheets
at various concentrations. The boron and nitrogen atoms in h-
BN [51] and carbon in graphene [52] nanosheets are modelled
as uncharged and kept rigid. TIP3P model is used to describe
water interactions [53], the force field parameters for As3+ ions
are taken from universal force field [54], and flexible model of
NO−

3 ions is considered [55,56]. The force field parameters used
in the present study are tabulated in Table 1. The non-bonded
interactions are defined by Lennard-Jones (LJ) and Coulombic
potentials

Unonbonded(rij) = 4εij
[(

σij

rij

)12
−

(
σij

rij

)6]
+ qiqj
4πε0rij

, (1)

where σij and εij are the size and energy parameters; qk and ε0
are the partial charge on kth atom and permittivity of free space,
respectively; rij is the distance between the pair of atoms. The
nanosheet-water and nanosheet-ion interactions are described
by LJ potential and the corresponding interaction parameters
between dissimilar interaction sites are calculated using the
Lorentz–Berthelot mixing rules.

Bond stretching for the – NO−
3 ions is described by a har-

monic potential [57]

Ustretching = 1
2
kl(l − l0)2, (2)

where l is the bond length, l0 is the equilibrium bond length and
kl is the bond force constant and the bond bending is expressed
by
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Figure 1. (Colour online) Adsorption capacity of various adsorbents for the removal of arsenic ions (As3+) [14–18].

Table 1. Force field parameters.

Molecules/ions Site Charge σ (Å) ε (kcal/mol)

water O −0.834 3.1506 0.1521
H 0.417 0.0000 0.0000

– NO−
3 N 0.950 3.2070 0.1600

O −0.650 3.3490 0.1700
arsenic ion As3+ 3.000 4.2300 0.3090
h-BN B 0.000 3.4530 0.0950

N 0.000 3.3650 0.1448
graphene C 0.000 3.4000 0.0556

Ubending = 1
2
kθ (θ − θ0)

2, (3)

where kθ is the angle force constants, θ is the angle and θ0 is the
equilibration angle.

2.2. Simulationmethod

All the molecular dynamics simulations are carried out using
the LAMMPS [58] package. Initially the simulation system is
generated by performing NPT simulation on a mixture of
arsenic nitrate salt (As(NO3)3) and water for 1ns at a constant
1 atm pressure, and 298 K temperature. Then the equilibrated
ionic solution is placed 8 Å above the nanosheets (see Figure 2).
The periodic boundary conditions are applied in three spatial
directions, with 100Åvacuumabove the aqueous solution along
the z−direction. The simulation system considered in this study
consists of 3000 water molecules with varying the number of
As3+ ions from 3 to 38 depending on ion concentration, and
are placed randomly in the aqueous solution. The simulations
are carried out in the canonical (NVT) ensemble with the Nosé
Hoover thermostat to maintain temperature at 298 K. Particle
particle particle mesh technique is applied to compute long-
range interactions. The system is equilibrated for 5 ns with an

integration time step of 1 fs, followed by the production run of
5 ns.

Trajectories of the system obtained frommolecular dynamic
(MD) simulations are used to calculate the structural, dynamical
and the adsorption capacity of As3+ ions on h-BN and graphene
nanosheets. The density profiles (ρ) of water and As3+ ions
are calculated in z direction above the nanosheet for different
concentrations of As3+ ions in aqueous solution. The time
correlation functionC(t) of monolayer of water/As3+ ions near
the nanosheet is defined as [56]

C(t) = 〈θ(t)θ(0)〉
〈θ(0)θ(0)〉 = A exp ( − t/τ), (4)

where θ(t) = 1, if water/As3+ ion is present in the monolayer
near the nanosheet, and τ is the residence time.

The diffusion coefficients (D) of water and As3+ ions within
the monolayer near the nanosheet between time 0 and t are
calculated by considering themean-square displacement (MSD)
[59,60]

MSD = 〈[�x2(t) + �y2(t)]Smono(t)〉
4t〈Smono(t)〉, (5)

DII(zmono) = 1
4

lim
t→∞

d
dt

(MSD), (6)

where �x2 = [x(t) − x(0)]2 along x (similarly for y), zmono
represents the monolayer near the nanosheet and Smono(t) = 1
if the water/As3+ ions remains continuously in the monolayer
near thenanosheet between0 to t, while Smono(t) = 0otherwise.
The error is estimated by taking standard deviation on block
average of the diffusion coefficient over the sampling time [61].
The amount adsorbed by the ions on the substrate is quantified
by the Langmuir isotherm which is given by [62]
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Figure 2. (Colour online) Snapshot of the system containing aqueous solution of 0.1M arsenic nitrate salt (As(NO3)3) above the h-BN nanosheet (panel a) and graphene
nanosheet (panel b).

qa = qm
(

Kce
1 + Kce

)
, (7)

where qa and qm are the amount adsorbed and the maximum
amount of adsorption of ions on the nanosheet, respectively.
The equilibrium ion concentration and the Langmuir equilib-
rium constants are denoted by ce and K , respectively.

One of the essential features of Langmuir isotherm can be
described by equilibrium parameter RL, which is a dimension-
less constant and is defined as [63,64]

RL = 1
1 + Kc

, (8)

where c is the initial concentration of adsorbate. The value of
RL shows the nature of the adsorption isotherm, 0 < RL < 1
indicates favourable, RL > 1 unfavourable, RL = 1 linear and
RL = 0 irreversible adsorption.

The effective interaction strength between the ion and the
nanosheet has been quantified by the potential mean force
(PMF) which is calculated using umbrella sampling method
[65,66]. Theumbrella samplingmethod imposes aharmonic po-
tential to constrain the motion of arsenic ion along the
z-direction perpendicular to the nanosheet, while the arsenic
ionwas free tomove in the other twodirections. In thiswork, the
mean force distribution is obtained by sampling the harmonic
force experienced by the arsenic ions which are placed at differ-
ent positions along the z-axis, from bulk solution phase to the
adsorbedphase. ThePMF is generated by the umbrella sampling
using large number of windows that covers the whole range
of distances from solution phase to the adsorbed phase with
a sufficient overlap between adjacent windows. The harmonic
biasing potential Kz(z − zi)2/2, where z is the distance between
the arsenic ion and the nanosheet, zi denotes the target position
from the nanosheet and Kz is the force constant. In order
to construct the PMF between the nanosheet and arsenic ion
as a function of separation distance z, biased simulations are
performed with target position varied from z = 20 to 1 Å,
with a decrement of 1 Å. The harmonic biasing force constant

Kz = 2 kcal/mol Å2 is applied for all windows, with suffi-
cient overlapping of histograms. The biased data from umbrella
histogram are analysed using the weighted histogram analysis
method [65] (WHAM) to estimate PMF.

3. Results and discussions

We started the investigation by calculating density profile of
water, and arsenic ions along z direction above the h-BN and
graphene nanosheets. The density profiles of water are plotted
in Figure 3(a) and (b) for different ion concentrations c (mol/L)
on h-BN, and graphene nanosheets, respectively. It is observed
that water molecules form layers near both the nanosheets. It is
also clear from Figure 3 that density of first layer is greater than
that of layers above it, which is primarily due to the surface–fluid
interactions andpacking effect [67]. This is akin to the behaviour
seen by earlier workers on wetting behaviour of water on boron
nitride and graphite nanosheets [68,69]. Zoomed inset of Figure
3 suggests that the water density of first layer decreases with
increase in ion concentration, c, on both the nanosheets. This
is due to the accumulation of arsenic ions near the nanosheets
which can be observed from arsenic ion density profile near the
nanosheet discussed later in this section. We clearly observed
that the first layer water density above the h-BN nanosheet is
greater than that on the graphene nanosheet, indicating strong
interaction between water and h-BN compared to the water
and graphene. Similar to water, the density profile of arsenic
ions showed layering near the h-BN and graphene nanosheets
(Figure 4(a) and (b)). It has been shown in Figure 4(a) that the
density of first layer of As3+ ions increases with increasing ion
concentration,which represents enhanced adsorption of arsenic
ions with increasing ion concentration on h-BN nanosheet.
Similar observation of increasing first layer density of arsenic
ion with increasing ion concentration has been observed on the
graphenenanosheet. It has been clearly shown inFigure 4(a) and
(b) that the first layer density of arsenic ions on h-BN nanosheet
is several times greater than that on graphene nanosheet.

It is well known that the adsorption isotherm can provide
information related to intensity of the interaction between
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Figure 9. (Colour online) The two-dimensional mean square displacement of arsenic ion within the monolayer near the h-BN (panel a) and graphene nanosheet (panel
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adsorbate and adsorbent. Therefore, in order to understand
adsorption behaviour of arsenic ions on h-BN and graphene
nanosheets, we have fitted the Langmuir adsorption isotherm
equation to compute various adsorption parameters. The Lang-
muir model assumes that the monolayer adsorption occurs on
a homogeneous surface. Thus, we consider the ions present in
the first monolayer near the nanosheet as adsorbed ions and
plotted the mass adsorbed ions per unit mass of nanosheet,
qa (mg/g) as a function of equilibrium ion concentration, ce
(mol/L)) inFigure 5(a) at a temperature 298K. Figure 5(a) shows
the increase in mass of adsorbed arsenic ions with increasing
equilibrium ion concentration ce for both the nanosheets. It is
also seen from Figure 5(a) that the adsorption of arsenic ion is
more on h-BN nanosheet compared to the graphene nanosheet,
which is also reflected from the density profile ofAs3+ ionwhere

the height of first peak is several times higher for the h-BN
nanosheet (see Figure 4). It is also observed from Figure 5(a)
that the adsorption isotherms for both the cases fits well with
the Langmuir isotherm. The maximum arsenic ion adsorption
capacities (qm), estimated by the Langmuir isotherm equation
on h-BN and graphene nanosheets are 270.1 and 211.7 mg/g,
respectively. A comparison with the adsorption data available
in the literature as shown in Figure 1 clearly suggests that the
maximum adsorption capacity of As3+ ion on h-BN nanosheet
obtained in this study are competitive with various adsorbents.
Equilibrium parameter RL are calculated from Equation (8)
for both the nanosheets at different ion concentrations and
plotted in Figure 5(b). The decrease inRL values with increasing
ion concentration (c) indicates favourable adsorption at higher
ion concentration. It is also evident from Fig 5(b) that the



8 R. SRIVASTAVA ET AL.

 140

 160

 180

 200

 220

 240

 0  0.2  0.4  0.6  0.8

τ 
(p

s)

c (mol/L)

(a)
−BN

graphene

 0

 200

 400

 600

 800

 1000

 0  0.2  0.4  0.6  0.8

c (mol/L)

(b)
−BN

graphene

Figure 11. (Colour online) The residence time (τ ) of water (panel a) and arsenic ions (panel b) on h-BN and graphene nanosheets at different ion concentrations c (mol/L).

−1

−0.5

 0

 0.5

 1

 0  5  10  15  20

PM
F 

(k
ca

l/m
ol

) 

Z (Å)

−BN
graphene

Figure 12. (Colour online) The potential mean force on arsenic ions by h-BN
and graphene nanosheets as a function of perpendicular distance from the
nanosheet z.

arsenic ion adsorption is more favourable on h-BN nanosheet
in comparison to graphene nanosheet.

In order to investigate influence of nanosheets on structural
properties of water and ions, we computed two-dimensional
radial distribution function(g2(r)). Figure 6(a) and (b) shows
the in-plane radial distribution function (rdf) of water–water
(g2OO(r)) on h-BN and graphene nanosheets, respectively. The
in-plane radial distribution is calculated using monolayer of
water above the h-BN or graphene nanosheet. Figure 6(a) shows
that the height of first peak of the in-plane rdf decreases
with increasing ion concentration c for h-BN nanosheet. This
indicates water density in the monolayer which decreases with
increase in c, which is also seen fromFigure 3(a). This is primar-
ily due to increase in occupation of As3+ ions in the monolayer
as clearly seen in Figure 4(a), whereas the effect of ion con-
centration on g2OO(r) for graphene nanosheet is negligible. The
two-dimensional rdf of arsenic–water (g2AO(r)) is computed
within the monolayer near both the nanosheets, and are plotted
in Figure 7(a), and (b) for h-BN, and graphene nanosheets,
respectively. We observed the height of first peak of g2AO(r)
increases with increasing ion concentration in aqueous solution
in both the nanosheets. It is also seen that the first peak and

second peak are around 3.07, and 5.2 Å, respectively. The first
peak height (g2AO(r)) is more pronounced in case of h-BN
nanosheet compared to graphene nanosheet. To quantify the
increment in the first peak height of g2AO(r) with ion concen-
trationwithin themonolayer near both the nanosheets, we com-
puted coordination number of arsenic ions in solvation shell by
integrating the in-plane radial distribution function g2AO(r).
Figure 8 shows the coordination number of arsenic ions in the
solvation shell increases with increasing ion concentration near
both the nanosheets and the number of arsenic ions are more
near the h-BN nanosheet with increasing ion concentrations.

To understand the effect of h-BN and graphene nanosheets
on dynamical behaviour of water and ions in aqueous solution,
we computed the mean square displacement (MSD) within the
monolayer near the nanosheet. Figure 9 shows the MSD of
arsenic ions near the nanosheets at various ion concentrations.
It is observed fromFigure 9(a) that theMSDof arsenic ions near
h-BN decreases with increase in ion concentrations. Similar
to h-BN nanosheet, the MSD of arsenic ions also decreases
near graphene nanosheet with increase in ion concentration.
It is also evident from Figure 9 that the MSD of arsenic ion
is lower near h-BN compared to graphene nanosheets. In
inset of Figure 9, we have shown the log–log plot of the MSD
which represents the diffusive regime of molecules where the
slope is equal to 1. In the present study, we calculated the
diffusion coefficient of water and ions within the monolayer
near the nanosheet. The value ofmonolayer diffusion coefficient
indicates the strength of interaction between the molecule and
nanosheet while it is adsorbed. Figure 10(a) shows the diffusion
coefficient (DII ) of water molecules within the monolayer near
the h-BN and graphene nanosheets. It has been observed that
there is a decreases in monolayer diffusion with increase in
ion concentration on both nanosheets. It is also evident from
Figure 10(a), that the monolayer diffusion of water is less on
h-BN nanosheet compared to that on the graphene nanosheet.
Similar towater themonolayer diffusion coefficient ofAs3+ ions
also decreases with increase in ion concentration on both the
nanosheets (Figure 10(b)). The decrease in monolayer diffusion
coefficient with increasing ion concentration is more on h-BN
nanosheet, which indicates higher adsorption of As3+ ions on
h-BN nanosheet with increasing c. This is also verified from
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increasing qa with increase in the ion concentration(Figure 5).
The higher values of diffusion coefficient indicate weak adsorp-
tion behaviour of As3+ ions on graphene nanosheet, which is
also apparent from the equilibrium parameter (RL > 0.9).

Using molecular dynamic simulation, we can obtain infor-
mation related to the impact of the nanosheet interaction on
adsorption of ion by accessing dynamical behaviour of the
system. The residence time is one such dynamical property that
reveals time of stay of the ions near the nanosheet. This pro-
vides mechanistic information about the strength of interaction
between the ions and the nanosheet. Therefore, we analyse
the residence time of water and arsenic ion in the monolayer
near the h-BN and graphene nanosheets by fitting the time
correlation function Equation (4). The residence time of water
increases from 150 ps to 240 ps with increasing ion concen-
tration (see Figure 11(a)) and is almost similar in both the
nanosheets. The residence time of As3+ ion also increases with
increasing ion concentration in aqueous solution. In case of
h-BN nanosheet, the residence time of arsenic ion is around 300
ps to 1000 ps (Figure 11(b)). Whereas in graphene nanosheet,
the residence time of arsenic ions is found to be 10 ps to 350 ps
which is one order less compared to that on h-BN nanosheet.
The larger residence time obtained for the As3+ ions on h-BN
nanosheet indicates that there is stronger interaction between
arsenic ions and h-BN nanosheet. The larger residence time
also corroborate the finding of the higher adsorption capacity of
arsenic iononh-BNnanosheet compared to graphenenanosheet.

To further understand the adsorption mechanism of
arsenic ions on the nanosheets, we have calculated the PMF.
PMF has been proved to be a useful quantity to explain the
adsorption mechanism of the ions on the nanosheet. The PMF
of arsenic ion adsorption is shown in Figure 12 as a function
of distance from the nanosheets. It is observed that the PMF
curve shows two distinct minima located around 4.5 and 7.5 Å,
respectively. The first minima near the nanosheet are called the
contact minima of ion and nanosheet and the second minima
are called the solvent layer separatedminima (SLSM). The PMF
value at contact minima for arsenic ion in the presence of
h-BN and graphene nanosheets are −1.35, and −1.2 kcal/mol,
respectively, at 4.5 Å. The lower PMF value at contact minima

indicates favourable adsorption of arsenic ion h-BN nanosheet
compared to graphene nanosheet. At SLSM, the PMF values are
−0.4 and −0.2 kcal/mol for h-BN and graphene nanosheets,
respectively. It is observed from Figure 12 that there are two
noticeable free energy barrier of adsorption at about 6 and 9
Åfrom the nanosheets. In case of h-BN nanosheet, an arsenic
ion need to cross two free energy barriers of 0.2 and 1.2 kcal/mol
to move from bulk to the nanosheet. Similarly in graphene
nanosheet we observed two free-energy barriers, 0.15 and 0.8
kcal/mol for arsenic ion transfers from the bulk to the graphene
nanosheet. For desorption of arsenic ion from the nanosheet to
bulk shows two free energy barriers for both h-BN and graphene
nanosheets. The desorption free energy barriers for arsenic ion
on the h-BN nanosheet are 2.3 and 0.7 kcal/mol. In the pres-
ence of graphene nanosheet, the arsenic ion desorption free
energy barriers are 1.5 and 0.5 kcal/mol. The lower adsorption
and desorption energy barriers for arsenic ion in presence of
graphene nanosheet promote arsenic ions to easily adsorb and
desorb from the graphene nanosheet compared to the h-BN
nanosheet. It is also observed that due to high desorption energy
barrier, arsenic ion once adsorbed on the h-BN nanosheet is not
desorbed readily.

The present study indicates h-BN nanosheet is superior
adsorbent for As3+ ions in comparison to graphene nanosheet.
However above analysis is based on zero partial charges on B
and N atoms in the h-BN nanosheet, whereas several authors
[29,70] reported that the partial charges on B and N are non-
negligible. In order to investigate the influence of partial charges
on h-BN nanosheet for adsorption of As3+ ions, we consider
+0.35 and −0.35 charge on B and N, respectively [70]. In
Figure 13(a), we have plotted the Langmuir adsorption isotherm
of As3+ ions using h-BN nanosheets with and without par-
tial charges on B and N atoms. It is clearly observed that the
adsorption of As3+ ions are more on h-BN nanosheet with
partial charges compared to zero charges on nanosheet. This
is also evident from the equilibrium parameter (RL) plot (see
Figure 13(b)) showing comparatively favourable adsorption on
h-BN nanosheets having partial charges. The maximum arsenic
ion adsorption capacity (qm) on h-BN nanosheet with partial
charges is 311.7 mg/g.
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4. Conclusions

Adsorption of arsenic ions on hexagonal boron nitride and
graphene nanosheets has been studied using MD simulations.
Adsorption of arsenic ions is found to be increased with
increasing ion concentration and follows the Langmuir
isotherm. The maximum adsorption capacity of arsenic ion is
found to be 270.1 mg/g and 211.7 mg/g for h-BN and graphene
nanosheets, respectively. Monolayer diffusion coefficients of
water and ions near the h-BN and graphene nanosheets de-
crease with increasing ion concentrations. This indicates that
the arsenic ion adsorption ismore favourable onh-BNnanosheet
which is also evident from the values of equilibrium parameter
(RL) obtained from the Langmuir isotherm. The potential of
mean force (PMF) calculations revealed that arsenic ions need
to overcome two energy barrier to adsorb on the nanosheet.
The h-BN nanosheet possesses lower contact minima (−1.35
kcal/mol) for arsenic ion compared to graphenenanosheet (−1.2
kcal/mol), indicating that arsenic ions interact more strongly
with h-BN nanosheet. The PMF of desorption of arsenic ions
on h-BNnanosheet showed higher energy barrier (2.3 kcal/mol)
than that on graphene nanosheet (1.5 kcal/mol). This implies
that arsenic ion once adsorbed on h-BN nanosheet is difficult to
exchange with the bulk solution. However, in case of graphene
nanosheet the adsorbed arsenic ions can easily desorb due to
the low energy barrier. The residence time of arsenic ion is
threefold higher on h-BN nanosheet compared to the graphene
nanosheet, which is well supported by the higher desorption
barrier on h-BN nanosheet. The present study also suggests that
the partial charges on B and N atoms in the h-BN nanosheet
influence the adsorption isotherm of As3+ ions. There is 13%
increment in the maximum As3+ ion adsorption capacity of
h-BN having partial charges (311.7 mg/g) compared to
uncharged h-BN. Our study clearly summarises that the
h-BN nanosheet is a potential material for removing As3+ from
aqueous media.
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