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ARTICLE INFO ABSTRACT

Keywords: Development and designing of heavy metal ion separation systems from wastewater play a essential role in
Purification environmental protection. For this purpose, in this research, we modeled the synthetic wastewater samples and
Wastewater

investigated the capabilities of nano-porous silicon carbide membranes (SiC) with fluorine, nitrogen, and
hydroxyl-atom decorated pores under hydrostatic pressures. Increase of applied pressure on SiC with larger pore
diameters had more intense effects on water flux and ion rejection. It was also found that, due to different
electronic properties of decorated atoms in the edge of pores, which played important roles in their interactions
with water molecules and metal ions, as well as energy barrier and permeation, water flux and ion injection were
improved. The potential of mean force (PMF) calculation showed that the energy barrier for passing through
functionalized pores was higher for metal ions and lower for water molecules. The presence of functional groups
in the edge of SiC pores provided selective ion rejection property which was highest for Zn** ions. PMF analysis
results proved that the PMF values of metal ions were in the following comparative order:
SiC@F>SiC@N>SiC@OH>SiC. It was also observed that increase in temperature significantly increased water
flux and decreased ion rejection. Also, SiC membrane separation systems improved ion rejection in the presence
of electric field along the opposite direction of piston movement, which was more intense in functionalized

Heavy metal ions
SiC Membrane
PMF

membranes and results indicated that in voltage of 200 mV/A had the best ion rejection of about 98%.

1. Introduction

Purification and reusing of water from secondary effluents is
becoming a more appealing approach to the growing problems of water
shortage and deterioration of water quality [1]. Thus, water treatment
systems that are multifunctional, compact, flexible, resilient, chemical-
free, and energy-efficient are needed to address global water shortage
and water pollution [2]. Since water is an essential part of our everyday
lives, effective treatment technologies are required to clean and recycle
water [3]. Osmotic pressure-driven membranes have recently attracted
increased interest in water and water purification due to their lower
energy consumption compared to other available methods [4]. Multi-
stage flash (MSF), multi-effect distillation (MED), and reverse osmosis
(RO) are some of the most commonly used processes in water treatment/
desalination; however, RO is gaining greater market share [5-7] due to
its lower energy consumption. RO water treatment process entails
applying pressure to feed water to push freshwater molecules through a
permeable membrane, filtering ions and other contaminants in the

process while allowing freshwater to pass through [7-9].

Several membrane types such as thin-film composite (TFC) materials
[10-12], ceramics [13-15], nanotubes [16,17], and two dimensional
(2D) structures such as boron nitride (BNNS) [18], MXene [19], MoS,
[20] and zeolites [21] are used in RO for drinking water purification as
well as wastewater treatment and reuse. These play important roles in
supplying reliable and safe water, mitigating adverse environmental
effects, and providing water availability [22]. despite the advantages of
nanoporous membranes in water desalination such as high-water
permeability and ion rejection, they have a some disadvantages. There
are some vital elements in water that are beneficial to human health.
Removing all ions from water is one of the disadvantages of this mate-
rials that led many scientists to use other methods to compensate for this
issue.

Among ceramic 2D membranes, SiC has a honeycomb structure
which composed of silicon and carbon atoms [23]. Similar to graphene
structure, SiC with Si and C atoms use sp2 hybridization. Lin et al.
synthesized SiC nanostructure experimentally [24]. The double bonds
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between C and Si are sp2 bonding type because Si atoms has a high
covalent radius and cannot form - bonding. Materials with honeycomb
structure and aromatic rings have great electron density that hinders
ions and molecules permeation. SiC has emerged as an excellent porous
material for the treatment of wastewater owing to its advantages over
more widely used polymeric membranes in terms of higher flux,
improved separation properties, longer working life, fouling resistance,
and smaller footprints [25-27]. In addition to these attributes, high
chemical stability over the whole pH range, good thermal resistance,
good mechanical strength, high hardness feature, and outstanding hy-
drothermal stability can be mentioned [28-30]. using SiC in metal ion
separation applications, nano pores must be created by drilling in its
structure with eliminating C and Si atoms. The chemically functional-
izing of pores in SiC membrane, could have a uniqe feature and different
applications [31].

Chemical vapor deposition (CVD) is being used for the fabrication of
SiC [32-34]. However, there is a need for the deposition of SiC at low
temperatures on surfaces with high aspect ratios [35], which can be
achieved using atomic layer deposition (ALD) process [36]. Several
methods including ion irradiation [37], chemical etching [38], electron
beam [39], and helium bombardment [40] are being used for creating
pores in membranes. However, ALD can also create functionalized pores
[41].

In experimental works, numerous methods such as adsorption, ion
exchange, chemical precipitation, and membrane filtration have been
utilized to separate heavy metal ions [42]. Furthermore, some experi-
mental works were carried out, on integrating pore into nanosheets. Ion
bombardment is one of the methods for creating pore in nanosheets
[43]. To give new characteristics to materials, chemical functional
groups such as -F, -N, -OH and etc, could be introduced on materials
[44]. Lin et al. [45] created pores in BNNS by using ball milling method.
Then, for functionalizing, They used long alkyl chain amine, which
resulted in the creation of an acid-base interaction between amine
groups and BNNS surface. These functional groups could be influential
in separation processes. Also, many experimrntal studies claimed that
the pores could functionalized with different atoms in membranes
[46-48].

Moreover, with functionalizing the edge of pores, despite adjusting
pore size, the selective separation capability of the nano-porous mem-
brane could be enhanced. Cohen-Tanugi et all designed functionalized
graphene for purification of salted water [49]. They investigated the
purification performance by considering pore size; different applied
reverse osmosis pressure, and chemical functionalization.

In a study by Das et al. [50] on the permeability behavior of silicon
carbide-based membranes, a membrane with porosity ~48 vol% and
mechanical strength 31.5 MPa showed water permeability of 13 298
Lm2h~!bar . On the other hand, Chen et al. [34] used chemical vapor
deposition to study the effect of tuning pore size. Due to a combination
of hydrophilic and charge interactions, the formed SiC-deposited ultra-
filtration membranes showed low fouling characteristics and slight
permeance losses during oil-in-water emulsion filtration. Furthermore,
Wit et al. [51] used SiC to develop a highly permeable and mechanically
robust hollow fiber membrane with a very high water permeability of
50,000 L m 2 h~! under 1 bar pressure difference. However, apart from
high permeability, the selectivity of these membranes also needed great
attention. In addition to pollutants, heavy metal ions such as Zn?*, Pb>™
and Cd*" are other forms of harmful pollutants that can easily pass
through membranes used in wastewater treatment.

Functional groups attached to the pore edges of membranes are
another important factor in the water treatment process. In the water
treatment process, hydrophobic and hydrophilic functional groups have
different effects [52,53], thus allowing the applications of pore chem-
istry beyond filtration [54]. Pore chemistry plays an vital role in
changing water flux [55]. Several methods have been applied in the
functionalization of SiC for different purposes [56-58]. Adding different
functional groups to the edges of formed pores results in more stable and
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highly permeable membranes [59,60].

Applying electric fields is an innovative method to solve the dis-
cussed disadvantage. Also, It can be effective in water desalination
processes and water transportation. Recently in many studies, utilized
electric field for nanofluid transport through nanostructures was
investigated. Li et al. drive the water through nanotube by applying
electromagnetic field in rotating manner [61]. Also, Theoretical inves-
tigation in effect of electric fields on the water flow rate in the carbon
nanostructures was reported [62]. In another work the significance of
external electric field direction in water flow rate through nanochannel
was studied [63]. Meanwhile, as our best knowledge, no similar work
has been ever done in the literature to date to investigate the water
desalination performance with different functionalized SiC nano-
structure and with different ions type under applied electric field and
pressure.

To the best of our knowledge, no experimental or theoretical study
has been reported in the literature on the removal of (Zn2+, Pb%" and
Cd%") heavy metal ions by functionalized SiCs. Hence, in the present
work, molecular dynamics (MD) and density functional theory (DFT)
simulations were performed to study the effects of -F, -N, and -OH
functional groups on water flux and ion rejection under different hy-
drostatic pressures. Because of their important role in the interactions of
water molecules and ions. In addition, an electric field was applied to
study its effects on ion permeation. Furthermore, we also studied water
flux as functions of pore size, applied hydrostatic pressure, ion rejection,
and energy barrier using PMF. Overall we tried to provide an under-
standing of the role of functionalized group at pore of SiC in the water
treatment process.

2. Simulation methodology

In this study, the possibility of the elimination of Cd%*, Pb?* and
Zn?" heavy metal ions using silicon carbide (SiC) membrane with
functionalized pores under reverse osmosis has been investigated
through DFT and molecular dynamics (MD) simulations. Cd?*, Pb?* and
Zn?* have different atomic weights (112.41, 207.2 and 65.38 u,
respectively), and each metal ion was dissolved in water at the same
molecular concentration (0.6 mol. L'1). In many similar works, heavy
metal ion concentrations in aqueous solutions have been examined in
the assumed range [64-67]. In this research, we used porous SiC
membranes, that pores decorated with F, N and OH functional groups to
customize the physical and mechanical properties of membrane pores.
In the following section, the effects of temperature and applied electric
field on the efficiency of ion separation of the membranes are discussed.

The designed synthetic wastewater system contained a porous SiC
membrane, above which aqueous solutions of heavy metal ions were
placed, and to apply reverse osmosis pressure, graphene membranes
were used on both sides of SiC membrane which acted as pistons to keep
the solutions under fixed pressure. It is noted mentioning that to
maintain experimental conditions, the piston on the other side was
exposed to atmospheric pressure of 1 bar. The dimensions of the simu-
lated system were 61x58x200 A along x, y and z axis, respectively. The
solution under the piston contained 8426 water molecules that TIP3P
model [68] was applied for the prediction of interactions of water
molecules. Then, 50 heavy metal ions of each Cd%*, Pb>" and Zn?* along
with 300 corresponding salt ions (Cl') were randomly added and
distributed into water using Packmol software [69]. Atomic charges of
the systems were considered to be neutral. The overall diagram of the
system is presented in Fig. 1. The surface area of the SiC membrane was
61 Ax58 A. In the simulation systems, the porosity concentration of SiC
was considered 9.5% that contained four same pores. The pristine SiC
contained 734 atoms and to create pores, 6 Carbon atoms and 7 Silicon
atoms were eliminated and the corners of the pores were engineered by
F, N and OH functional groups.

In this study, to obtain precise results resembling those obtained
under laboratory conditions, all porous SiC membrane structures were
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Fig. 1. Schematic diagram of the simulation system consisting of one SiC membrane modified with four pores in the middle and two graphene membranes (cyan) as

water under 1 atm pressure (O in red, H in white, Cd>* in orange, Pb®" in blue, Zn?>* in green and CI' in purple).

pistons. The right-side chamber contained contaminated water with heavy metal ions under high pressure and electric field and the left-side chamber contained pure

optimized using B3LYP/6-31+G(d,p) method [70] after designing and
before MD simulation. Then, DFT output structures were used in MD
simulation systems. Also, partial charges of atomic structures were ob-
tained using DFT calculation results. Fig. 2 shows different optimized

structures with engineered pores that were studied in this work. Also,
Table 1 summarizes the geometric and electronic properties of studied
models. All DFT calculations were performed using Gaussian 9.0 pack-
age [71].

(©)

(d)

Fig. 2. Schematic diagrams of four differently decorated SiC membranes a) pristine SiC b) SiC@F c) SiC@N d) SiC@OH
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Table 1

Lennard-Jones parameters and partial charges for all atom types
Atom type . (KLal) o (A) Partial charge

mol

C [SiC] 0.070 3.985 -1.67
Si [[SiC] 1.664 0.469 +1.67
C [graphene] 0.070 3.985 0
N [SiCN] 0.072 3.716 -0.256
H [SiCN] 0.022 2.640 -0.172
F [SiCF] 0.135 3.260 -0.390
H [SiCF] 0.022 2.640 -0.150
O [SiCOH] 0.152 3.540 -0.670
H [SiCOH]@(O) 0.046 0.449 +0.456
H [SiCOH]@(Si) 0.022 2.640 -0.158
O [water] 0.152 3.536 -0.734
H [water] 0.046 0.449 +0.417
cd™? 0.00597 2.70 +2
pPb*2 0.19112 3.00 +2
Zn*? 0.250 1.950 +2
crt 0.118 4.420 1

To evaluate the efficiency of the membranes in the separation of
heavy metal ions as well as water permeability, different pressures of 25,
50, 100, 150 and 200 MPa were applied along Z direction using gra-
phene piston onto the solution-containing section of the system and the
other section was kept under 1 atm pressure. Then, the amount of
penetrated particles in the refined section was monitored throughout the
simulation. To prevent the movement of central SiC membrane along the
direction of pressure, it was fixed during the simulation. It is worth
mentioning that graphene pistons were fixed on both sides of the system
along x and y axis but could move by applying pressure along z axis. The
partial charge of carbon atoms in graphene pistons is considered zero.
All MD simulations were performed using LAMMPS package [72,73]
and VMD software [74] was used for visualization of simulated systems.
Before the simulation and in order to decrease the energy level of the
simulated systems, minimization was performed. Then, in the equilib-
rium stage, systems were equilibrated for 1 ns using Nose-Hoover
barostat and thermostat algorithm under constant canonical ensemble
temperature of 298 K and pressure of 1 atm. Time steps were considered
to be 0.1 fs, and simulation duration time was 5 ns.

Tersoff force field for C and Si atoms in graphene and SiC membranes
were defined and functional groups were modeled using Lennard-Jones
potential in which force-field parameters were obtained from reference
[65]. Table 1 summarizes all 6-12 Lennard jones parameters for atoms in
the structures. Lorentz-Berthelot mixing rule [75] was applied for all
pairwise L-J terms between unlike particles. L-J interaction cutoff was
considered 12 A. Long-range electrostatic interaction were calculated
using Particle Mesh Ewald [76]. Periodic boundary conditions was
applied along all directions.

Nonbonded interactions among heavy metal ions and water mole-
cules with SiC and graphene membranes were expressed as [77]:

. 12 o 6
Unonband = 461]' <_U> - <_U> +
T T

where ¢;; and oy, respectively, are energy and length of Lennard-Jones
potential. g;, g; denotes charges on i and j atoms, respectively, ry is
center to center distance, and ¢ is dielectric permittivity constant.

All bonding and stretching interactions were modeled using har-
monic potentials as [78]:

4i4;
— 1
4regr; M

1
Usana = e (r = Feg)’ @)

1
Unngie = 3ka(6 — 0.)° ©)

Non-bonded cross interaction parameters of unlike pairs were
determined by Lorentz-Berthelot mixing rules.
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The amount of applied hydrostatic pressure on solvent molecules
through the application of force onto each carbon atom in graphene
membrane (piston) was stated as [79]:

AP XA
- n

F

4

where AP is the considered hydrostatic force, and A and n are the surface
area and the number of C atoms of graphene piston.

To determine the mechanism of separation through the functional-
ized pores of SiC, potential of mean force (PMF) [80-82] was calculated
as the free energy profile of water molecules and heavy metal ions
passing through pores using umbrella sampling method [83]. Umbrella
sampling method was applied by considering water molecules or metal
ions in simulation cell as probes.

Therefore, in SMD simulations of the investigated samples, water
molecules and heavy metal ions were drawn as springs and the work of
pulling was calculated as [84]:

W= 7sz/’di[Z(i)fzofvzi] 5)

0

where K, v, and z( are spring constant, pulling velocity and initial po-
sition of molecule, respectively. Then, PMF was calculated using free
energy change AG on the basis of Jarzynski’s equality [85]:

AG = —p ' Infexp(—pW)] ©6)

where = kgT, [exp(—fW)] is ensemble average.

To enhance the accuracy of PMF calculation results, SMD simulations
for each water molecule and heavy metal ion in each model were
repeated 10 times under initial conditions, accounting for 200 overall
simulation runs for calculations. Then, free energy of each ion was ob-
tained through averaging the results obtained for 10 trajectories.

3. Result and discussion
3.1. Geometrical and electronic properties

After designing and preparation of the structures, to optimize the
geometry of the structures and obtain the partial charges of atoms in the
structure, DFT calculations were performed using Gaussian software.
These calculations were performed using B3LYP level of theory and 6-
31G+ basis set which have been applied in many research works
[86-88]. The partial charges of optimized atoms were determined using
Mullekin in the range of (-1.67 ~ +1.67), as given in Table 1. Also, Fig. 3
shows the charge distribution and optimized pore diameters which were
found to range from 4.1 to 10.3A. Then, optimized structures were
applied to conduct all simulations.

3.2. Water flux and ion separation performance under different applied
pressures

In this study, water flux was equal to the number of water molecules
passing through the pores along z-direction in the unit of time. Fig. 4
shows water flux in different systems containing SiC membranes with
pores decorated with F, N and OH functional groups under different
hydrostatic pressures. Partials charges in SiC and decorated atoms on
pore edges could alter resistance to the entrance of water molecules and
heavy metal ions, resulting in higher or lower water flux. With the in-
crease of hydrostatic pressure, the mobility of water molecules and the
number of contacts were increased, resulting in the passage of water
molecules from pores. However, with this change in behavior with
pressure increase up to 50 MPa, in functionalized pores unlike pristine
ones, due to smaller diameters, no variation was observed in the
increasing trend of flux. In all systems, the flux increasing trend was
linearly with applying higher pressure. The highest flux in pristine SiC
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Fig. 4. Water flow rate through different SiC membranes as a function of applied pressure

was due to higher diameters of pores compared to functionalized
membranes. The effect of diameter increase on flux rate and ion sepa-
ration was also reported [89-92]. As shown in Fig. 4, it could be seen
that flux rate through SiC@N membrane followed a similar trend to that
of SiC@QOH to up to 80 MPa. However, at higher pressures, due to
stronger effect of hydrostatic pressure, a similar behavior to that of
SiC@F was observed which was indicative of similar susceptibility of the
two membranes at higher pressures. It is note mentioning that SiC@F
membrane let the lowest water flux to up to 50 MPa which indicated
non-susceptibility to hydrostatic pressure up to this point. Due to the

variations of water flux rate in these membranes, it could be concluded
that pore diameter and decorating atom type of the pore were important
factors in determining the amount of permeated water molecules.

As can be seen from Fig. 4, the effect of pore chemistry on water flux
was more intensive at lower pressures. For example, at 25 MPa, although
the pore diameter in SiC model was about~ 2.5 times larger than that in
SiC@OH model, there was not much difference in the amount of water
flux. In systems with functionalized pores, O atoms in water molecules
formed hydrogen bonds with H atoms on pore edges. Also, H atoms of
ware molecules formed hydrogen bonds with F, N and O atoms. In this
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process, F, N and O atoms acted as electronegative atoms. Negatively
charged atoms on pore corners, such as -F, -H and -N, could increase
water flux since they cause the attachment of water molecules on both
membrane sides, acting as canals to facilitate water flux on both mem-
brane sides. Therefore, decorated atoms on pore corners could affect
water flux rate. By increasing pressure, water flux difference between
SiC and functionalized models was increased because hydrostatic force
prevailed the pore chemistry effect.

Fig. 5 shows total ion rejection percentage for different systems with
SiC membranes. For pristine SiC membranes, it was witnessed that at
minimum pressure of 25 MPa, heavy metal ions were able to pass
through pores 10.3A in diameter, which indicated 95% ion rejection
efficiency. In comparison functionalized membranes at 25 MPa pre-
sented 100% ion rejection efficiency. With the increase of pressure to up
to 50 MPa, a 13% decrease of ion separation in pristine SiC was
observed, while in functionalized membranes, separation trend was
almost constant and still above 99%. In functionalized models, with the
pressure increase from 50 to 200 MPa, ion rejection was linearly
decreased, which was 47, 48 and 38% reduction for SiC@F, SiC@N and
SiC@OH membranes, respectively. Nevertheless, for pristine SiC mem-
brane, the linear decreasing manner in ion rejection starts from a lower
pressure range from 25 to 150 MPa, which was 72% reduction. Also, at
pressures above 50 MPa, due to susceptibility to pressure, difference in
the separation trend of functionalized membranes was started. As pre-
sented in the curve shown in Fig. 5, SiC@OH membrane had the highest
ion separation efficiency in the elimination of heavy metal ions.
SiC@OH membrane under 100 MPa presented about 37% ion separation
capability and better flux rate than other functionalized membranes.
Consequently, the total ions rejection capability of examined SiC
membranes for pressure higher than 75 MPa is predominantly related to
the size of the pores. In other words, due to the high pressure, the effect
of the hydrostatic force in ion rejection overcomes the pore barrier
chemistry.

Furthermore, to investigate the efficiency of the selective separation
of different ions and influences of functionalized groups, by pristine and
functionalized SiC membranes, the system under 100 MPa pressure at
298 K temperature was adopted as the main system. The bar diagram in
Fig. 6 presents that pristine SiC membrane separated all four ions almost
at similar efficiency due to its low and uniform energy barrier. Zn?* ions
was most rejected on functionalized membranes. Higher Zn rejection on
SiC@F and SiC@OH membranes is due to higher electronegativity of
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Fig. 6. Heavy metals and CI ions rejections of various SiC membranes under
100 MPa and 298 K
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functional atoms F and O on pores and the intrinsic tendency of this ion
to have low resistance against the energy barriers of decorated pores.
The separation amount of Pb?t and Cd?* ions in systems with SiC@F
and SiC@N membranes was almost similar due to similar pore diameter,
while in system with SiC@OH membrane, separation of Pb*>* was about
4% higher than Cd?*, due to lower pore diameter, the effects of func-
tional groups became more appearant. This behavior indicated lower
resistance of Pb%" ions compared to Cd?" ions against energy barrier of
pores decorated with -OH functional group.

Fig. 7 shows the number of filtered water molecules during 5 ns
simulation time for four examined systems with different SiC mem-
branes. As was seen in pristine SiC membrane, water molecules had
passed through pores at much higher rates than functionalized pores due
to larger diameters and lower energy barrier. Comparison of the number
of permeated molecules at the end of simulation showed that flux rate
was directly related to pore diameter. However, comparison of these
data at the beginning of simulation showed that SiC@OH functionalized
membrane, despite smaller pore diameters than the pores on other
models due to the presence of hydrophilic atoms in decorated OH
functional group, water molecules tended to permeate through pores in
the absence of hydrostatic pressure. In other words, the presence of
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Fig. 5. Total Ion rejection percentage on different SiC membranes as a function of applied pressure
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Fig. 7. The number of permeated water molecules in different SiC membranes versus simulation time

hydrophilic atoms on pore edges could act as a molecular bridge to
facilitate the permeation of water molecules. Presence of F atoms on
pore edges of SiC@F membranes, due to its weaker hydrophilic nature
than N atom and OH functional group, presented lower tendency to the
permeation of water molecules resulting in stronger dependency on the
presence of hydrostatic pressure in these systems. In the diagram shown
in Fig. 7, this hypothesis was clearly observed at times above 2.5 ns
where high hydrostatic pressure overcame Van der Waals interactions
between water molecules and F atoms on the pore edges of SiC@F
membrane.

3.3. Water density and velocity distribution

To better understand the mechanism of the permeation of water
molecules through designed pores, we investigated the structure of
fluids in simulation box along z-axis in the range of -30 < z < 30 under
100 MPa pressure considering the location of pore as zero-point based
on the profile of concentration and velocities of water molecules. The
results obtained from this section were extracted from the final

2
SiC
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simulation time of 5 ns. Fig. 8(a)(b) shows concentration profiles of
water density and velocity, respectively, for current systems. The peaks
on the right side of the figures were assigned to the chamber under high
hydrostatic pressure. In Fig. 8(a), as was seen, large peaks appeared in
vicinity of membrane and on high pressure side. Due to high Van der
Waals interactions among water molecules and SiC atoms on the surface
of membrane, water molecules tended to accumulate at this location and
form layered water structure. On the other hand, high pressure caused
further accumulation of water molecules on high pressure side of the
membrane and the difference in the sharpness of peaks compared to
those on the left side (low pressure) are evident. It is also note
mentioning that water concentration at the center of pore, which con-
tained flux, was the lowest. Fig. 8(b) shows sharper peaks of velocity
near the point Z= 0 in low pressure chamber which indicated high ve-
locity of water molecules after being released from high pressure region
and passing through the pore. Comparison of the power of concentration
peaks for recently studied models showed that the strongest peak was
obtained for SiC@OH membrane pore and the weakest concentration
peak was obtained for pristine SiC pore with the largest pore diameter.
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Fig. 8. a) Water density b) water velocity profiles along the z-direction of the box (-30 < z < 30) for all models under 100 MPa and 298 K
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Similar trend was also observed for velocity profile. Therefore, it could
be concluded that in models containing pores with lower diameters, due
to higher permeation barrier and lower flux, water molecules tended to
further accumulate near the membrane. Also, the first peaks of SIC@N
and SiC@OH membranes appeared at lower distances which indicated
stronger Van der Waals interactions among water molecules and N
atoms and OH functional group. Average concentration of water in at-
mospheric pressure (low pressure) side was found to be about 1g/cm?
which seemed to be reasonable. It is noteworthy that for other systems
with different pressures also similar concentration and velocity profiles
were obtained.

3.4. Radial distribution function (RDF) of heavy metal ions

In this section, the distribution and behavior of heavy metal ions as a
reference and density of hydrogen atoms of water molecules in radial as
a function of distance in the solution under 100 MPa pressure at 298 K
have been investigated. In Fig. 9, for each of 4 ions, one sharp peak with
different intensities appeared. This difference showed that the ions had
different hydration numbers. r denotes the closest covalent distance
between ion particles and hydrogen atoms of water. The first peak at
2.3A was assigned to the distance of CI"! ion from hydrogen atoms of
water and was the first hydration shell which was the closest to ion in the
range of water molecule. The second and third peaks were related to the
hydration shell of Zn®* and Cd*? ions at about 2.95A and fourth peak at
3.35A belonged to Pb%* jon. Since the charge of all metal ions was +2, a
comparison of peak strengths of these 3 ions revealed that Zn?" and
Cd*" ions had larger peaks than Pb>" ion since they had stronger and
more stable interactions with Van der Waals interactions with water
molecules. This phenomenon resulted in the higher accumulation of
these ions, especially Zn?*, with water molecules and therefore, better
ion rejection. The findings of this section, as shown in Fig. 6, also proved
that Zn?" ions had better ion rejection property. Since this analysis
focused on the behavior of ions near water molecules, the type of applied
membrane as well as change of pressure and temperature did not affect
the obtained results.

Fig. 10 shows the integration of RDF for ion and water indicating the
average number of water molecules Np in hydration shell with distance
r from ion center. The value of this parameter was obtained as:
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R
Nap = 4np /g(,.) X r? X dr 7

0

where p, r, and gy are density, radial distance, and RDF, respectively.

The value of this parameter was found to be 5 to 6 for heavy metal
ions and about 8 for chlorine which indicated the number of water
molecules surrounding them.

3.5. Potential mean force (PMF) calculation

PMF parameter predicts the possibility of the passage of ions and
water molecules by calculating energy barrier exerted onto them while
passing the membrane pore. Higher PMF values for a particle indicate
higher energy barrier exerted onto it making its passage through the
pore more difficult. To do so, first, systems were equilibrated at 298K
under atmospheric pressure. In the meantime, metal ions and water
molecules were kept at motion start point at 154 to equilibrate the
surrounding water molecules. Then, for each ion in each system, the
simulation process was repeated 10 times each time for 1ns, and PMF
energy was determined from the average of the results obtained from the
ten simulations. The pulling force of harmonic constraint is 10 Kcal/mol.
A was pulled to 15A along z axis to point Z=0, that the position of
membrane pore. Fig. 11 represents the average value of PMF for heavy
metal ions, chlorine and water molecule in differently designed models.
The figure also shows that water molecules had the lowest PMF value of
about 7.3 to 14.7 Kcal/mol when passing through pores in all models.
Therefore, water molecules could pass through the pores easily with the
lowest resistance. In pristine SiC system with larger pores than func-
tionalized membranes, water molecules passed the pores with the
minimum PMF value of 7.3 Kcal/mol. In SiC@OH modified membranes,
despite smaller diameter which inevitably results in higher energy
barrier for water molecules, due to the existence of OH functional group,
the value of PMF was not much different from that of SiC membranes
with larger pores; i.e., water molecules passed SiC@OH pores with
lowest energy barrier. This property is an excellent advantage of deco-
rating SiC membrane pores with -OH functional group. Also, the ease of
passage of water molecules from SiC@F pores with PMF=10.11 Kcal/
mol was higher than that of SIC@N with PMF=14.67 Kcal/mol.

This procedure was repeated for all Cd%>*, Pb®*, Zn?* and C1'" ions.
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Fig. 9. The RDF of heavy metal ions from water molecules in contaminated water
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According to Fig. 11, PMF values of ions in functionalized pore systems
were more than 2 times that of pristine pore SiC membrane with PMF
value of 35 Kcal/mol. Higher forces were required for the passage of ions
through the pores of functionalized membranes due to stronger elec-
trostatic and Van der Waals interactions among functional atoms of pore
edges (with different partial charges) and ions. Also, the effect of pore
diameter could not be neglected. Ion PMF curves showed that selective
ion rejection property of functionalized pores was higher than pristine
SiC pores. For example, in pores of SiC@F and SiC@N, ion rejection
order was Zn*" >Cl1'" >Cd?>" >Pb%" which complied with the results
obtained in Fig. 6 for selective ion rejection. PMF analysis results proved
that the PMF values of metal ions were in the following comparative
order: SiC@F>SiC@N>SiC@OH>SiC.

3.6. Effect of temperature on water flux and ion rejection

In this section, 5 new simulations were performed to investigate the
effect of temperature variation on flux and ion rejection capabilities.
Main simulation conditions were 100 MPa pressure and 298K temper-
ature. Considering fixed pressure of 100 MPa for 5 other systems, we
examined the simulation at different temperatures of the systems with
20 K intervals from 278 to 378 K. as shown in Fig. 12, by increasing
temperature from 278 to 378 K, due to lower water viscosity in higher
temperature, increase of water flux was observed for all systems such
that corresponding values for SiC, SiC@F, SiC@N and SiC@OH systems
presented 18, 17.6, 17.6 and 22%, respectively. With deeper look at the
figure, it was seen that the linear increasing trend of flux for function-
alized membranes was observed to up to 358 K after which it remained
almost constant. However, in pristine membrane, this increase occurred
linearly to up to boiling point at 378 K. The reason for this could be
larger pores in such membranes the permeation barriers of which could
not overcome the high mobility of water molecules when approaching
boiling temperature. In systems with functionalized membranes, due to
smaller pores and higher permeation resistance, water molecules could
not permeate more at temperatures higher than 358 K, so increasing
trend of water flux remained almost constant. It can also be seen that the
difference in the amount of flux for the three functionalized SiC models
simulated at 298 K (ambient temperature) was low compared to higher
temperatures. Due to differences in pore diameter, the amount of pore
size expansion, under the effect of temperature rising was different. So,
It could be concluded that the effect of pore size on flux for higher
temperatures was more pronounced. Recently, a similar theory has been
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obtained [93].

Fig. 13 shows ion rejection percentages of recent systems versus
temperature increase. Similar to previous sections, it was also witnessed
that temperature increase significantly decreased ion rejection in all
systems. This decrease in separation capability for SiC, SiC@F, SiC@N,
and SiC@OH systems was 18, 8.7, 1 and 6.8 %, respectively. As could be
seen, the system with SIC@N membrane presented the weakest effect on
ion separation capability (almost none) with temperature increase.
However, in the system with pristine membrane, temperature increase
had the maximum effect on the decrease of ion rejection. Remaining
systems containing functionalized membranes presented minor reduc-
tion in ion rejection efficiency for temperature higher than 318°C.
Therefore, it could be concluded that the ion rejection capability of
functionalized membrane was almost independent of temperature
increase.

Fig. 14 shows water flux variations during 5 ns of simulation for
selected pristine SiC system at different temperatures. With a close look
at the beginning of the diagram, it was found that, before moving the
piston, increase of temperature increased kinetic energy and collision of
water molecules, increasing the number of permeated water molecules
from 343 to 645. This trend was continued until the end of simulation
such that at the end of simulation, increase of temperature from 278 to
378 K resulted in the passage of 18% more water molecules.

3.7. Effect of electric field on water flux and ion rejection

In this section, the effect of electric field at different voltages on
water flux and ion rejection was investigated. Also, in many studies,
application of electric field for increasing ion permeation through
membrane pores have been employed. However, in this work, we tested
electric field application to hinder the permeation of ions through
membrane pores. Therefore, we applied voltages of 0, 50, 10, 200, and
300 mV/A along opposite direction of piston movement along z-axis on
contaminated water. The range of applied voltage utilized in this study
was similar to other experimental works in which the electric field was
applied for the separation of heavy metals [94]. By observing simulation
trajectory, we found that ions with positive charges tended to move
along the direction of electric field. Similar results were obtained in
[95]. Fig. 15 shows water flux at all applied voltages. As was seen, water
flux at applied voltage of 50 mV/A showed different behaviors in
different models. In system with pristine SiC, flux remained constant, in
those with SiC@F and SiC@N membranes corresponding value was
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Fig. 12. Water Flow rate through SiC membranes at different temperatures
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increased by 5% and 7%, respectively, and in the system with SiC@OH
membrane it was decreased by about 14%. The reason for this difference
in water permeation was differences in partial charge and electronic
properties of functional groups on pore edges of SiC membrane where
energy barrier was changed in the presence of electric field. Then, by
applying higher voltages than 50 mV/A, water flux was linearly
decreased to 240.6 #/ns in pristine SiC membrane. However, in systems
with functionalized membranes, linear decrease was continued to 200
mV/A and remained constant after 123.2 #/ns for SiC@N and 101 #/ns
for SiC@F and SiC@OH.

According to Fig. 16, one could claim that, like flux, application of
voltage had different effect on the ion rejection of systems. Here also, up
to 50 mV/A, ion rejection remained constant in SIC@N membrane and
in SiC@F and SiC@OH membranes, it was decreased by about 4% and
5%, respectively. However, the system with pristine SiC membrane
presented about 18% improvement in ion rejection. Here also, increase
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of applied voltage to up to 300 mV/A linearly improved ion rejection in
pristine SiC membrane by up to 93.7%. However, in systems with
functionalized membranes, maximum ion rejection improvement
occurred at lower voltage of 200 mV/A, at which more than 98% of ions
were rejected, indicating 20% higher ion rejection compared to the
situation with no applied voltage, which is a reasonable conclusion.
Consequently, electric field had a significant effect on the control of
water flux and performance of systems in the separation of heavy meatal
ion in pristine and functionalized SiC membranes.

4. Conclusion

In this research, MD simulations were conducted using DFT calcu-
lations to study the separation of heavy metal ions Zn?", Pb?* and Cd?*
in wastewater samples using porous SiC membranes under reverse
osmosis pressure. The tests were performed on four models, including
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pristine SiC membrane as well as functionalized SiC with F, N and OH
functional groups. Water molecules in all models were able to permeate
pores. Water flux was increased with the increase of pressure which was
directly related to pore diameter. Functionalization of SiC pores
increased the system's ion rejection efficiency, and metal ions presented
different pore permeation behavior in functionalized pores than that in
pristine ones (selective separation ability). Therefore, pore edge engi-
neering using different atoms could control their diameter, flux and ion
rejection. Concentration profiles showed that water molecules beside
membrane tended to accumulate, which was maximum and minimum in
SiC@OH and pristine SiC membranes, respectively. RDF analyses
showed that Zn?" and Cd?* ions had strong interactions with hydrogen
atoms of water molecules at the distance of 3A, which resulted in more
accumulation of water molecules and higher resistance when perme-
ating through pores. Integration of this RDF analysis showed that 5-6
water molecules surrounded metal ions. PMF calculations showed that
metal ions required more than 2 times higher energy barrier to pass
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through functionalized pores of SiC membrane. Maximum energy bar-
rier was obtained for Zn?* ion, which presented high ion rejection on the
membrane. The value of PMF for water molecules was very low, which
indicated their simpler permeation through pores such that in SiC@OH
systems, despite smaller pore diameter, it was about 2.5 times that in
pristine SiC membrane; however, both membranes had almost similar
MPF values.

In summary, the order of PMF values of metal ions for permeation
was SiC@F>SiC@N>SiC@OH>SiC. Also, increase of temperature
increased water flux and decreased ion rejection. In addition, we
investigated the effect of applied voltage from 50 to 300 mV/A in
different systems and found that increase of voltage decreased water flux
and increased ion rejection which was observed for functionalized
membranes to up to 200 mV/A, at which about 99% ion rejection was
witnessed. Consequently, based on the obtained results, we concluded
that electric field played an important role in designing systems for the
separation of heavy metal ions. Finally, we noted that further
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experimental studies are essential to advance the application of SiCs
membranes in the practical water purification application.
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