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Abstract:
Desalination of seawater is a significant challenge for arid regions and is the best way to obtain
water resources. Today, many desalination methods are used, such as membrane desalination
including reverse osmosis (RO) and forward Osmosis (FO). In forward Osmosis, unlike reverse
Osmosis, energy consumption is much less and more economical. The various types of polymeric
membranes are commonly used in the Osmosis processes such as polyamide (PA) polymer.
Polyamide (PA) membranes are known for their selective permeability to water and are extensively
used in the seawater desalination. The use of non-toxic inorganic nanoparticles improves the
polyamide membrane and increases its efficiency in the forward Osmosis process. This study
investigates the efficiency of a modified polyamide membrane with different mole ratios of TiO2
anatase nanoparticles in seawater desalination by using the molecular dynamics (MD) method
during forward Osmosis simulation. The self-diffusion coefficients of water in forward Osmosis
for PA membranes modified with 10−4, 10−3, 10−1, and 1 wt% of TiO2 were found to be 1.14,
1.11, 1.33 and 1.29×10−9 m2s−1, respectively. The membrane with 0.1% TiO2 demonstrated a
self-diffusion coefficient that aligns exceptionally well with the experimentally observed diffusion
coefficient for the PA membrane in forward Osmosis.
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1. Introduction

One effective method for improving water quality is through
membrane technology. Membrane modification preserves
or increases its porosity so that water flux increases signifi-
cantly and salt flux decreases [1–3].
Polymeric membranes are commonly utilized for wa-
ter treatment in forward Osmosis processes. Numerous
experimental studies have explored the performance of
nanoparticle-modified membranes in Osmosis processes,
with many findings published in the literature [4, 5].
Hybrid membranes leverage the benefits of various mate-
rials to enhance performance in Osmosis processes. By
integrating multiple materials, such as polymers, ceramics,
or nanoparticles, these membranes can improve selectivity,
permeability, and durability compared to traditional ones

[6]. This leads to higher efficiency, lower energy consump-
tion, and better separation performance in processes like
reverse Osmosis and forward Osmosis. Overall, hybrid
membranes represent a promising approach to optimizing
membrane performance and advancing Osmosis technology
[7–11].
Polyamide hybrid membranes with materials such as ZnO
[12], Fe3O4 [13] Al2O3 [14] and SiO2 [15] have been
used for the forward Osmosis process. In experimental
research conducted by Park and colleagues, a polyamide
thin film nanocomposite membrane modified with 0.25 wt%
graphene oxide (GO) was used for forward Osmosis, with
deionized water as the feed solution and a 0.5 M NaCl so-
lution as the draw solution. The water flux performance
was 19.77 Lm−2h−1 [16]. In 2021, Azadi and colleagues
investigated the performance of an Al2O3. TiO2 ceramic
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membrane in forward Osmosis and concluded that hybrid
membranes enhance membrane efficiency [17].
Titanium dioxide (TiO2) nanoparticles added to a cellulose
triacetate membrane and an aquaporin membrane have im-
proved the water flux in forward Osmosis by 73.4% and
13.6% [18].
Hybrid membranes designed for water purification must be
safe, non-toxic materials that maintain high water perme-
ability.
Incorporating titanium dioxide (TiO2) nanoparticles is an
excellent choice due to their non-toxic nature and anti-
fouling characteristics, which significantly enhance the
membrane’s hydrophilicity and overall performance. In
a study conducted by Emadzadeh et al., a polyamide thin-
film nanocomposite membrane used in forward Osmosis
was enhanced with TiO2 nanoparticles. The optimal wa-
ter flux was achieved at a TiO2 concentration of 0.6 wt%,
resulting in a 33% improvement in forward Osmosis perfor-
mance [19]. Additionally, various studies have shown that
incorporating 0.5% TiO2 into polysulfone [20] and 0.1%
TiO2 into PA [21, 22] can enhance forward Osmosis (FO)
performance, achieving increases of 29.7% and 40%, re-
spectively.
Forward Osmosis (FO) is garnering increased attention as a
cost-effective method for water desalination. At the FO pro-
cess, a semi-permeable membrane separates two solutions:
pure water reservoir (the feed phase) and a concentrated
salt solution (the draw solution). The spontaneous process
allows water molecules to flow from the feed phase to the
draw solution through the membrane, driven by the higher
chemical potential of the feed solution. The forward Osmo-
sis process does not require hydraulic pressure, making it an
energy-efficient option. The concentration gradient between
the two solutions is the driving force behind FO, which is
favored for its higher water flux and low operational costs.
One of the important parameters in checking the perfor-
mance of the osmotic membrane is the measurement of the
water self-diffusion coefficient (D) in the membrane. This
property has been obtained experimentally for many hybrid
membranes. Experimental works of researchers show that
the self-diffusion coefficient of water in polyamide mem-
brane as one of the most important membranes at reverse
Osmosis is equal to 0.6×10−9 m2s−1 [23].
The self-diffusion coefficient of water in the forward Osmo-
sis process of polyamide membrane modified with graphene
quantum dots by molecular dynamics (MD) simulation, is
0.9×10−9 m2s−1 [24].
In 2016, Wei et al. explored rapid water permeation path-
ways in aromatic polyamide membranes for reverse Os-
mosis using the molecular dynamics (MD) method. They
found the diffusion coefficient of water to be approximately
5×10−9 m2s−1 [1], corroborating the experimental findings
of Durell et al., who reported a coefficient of 2.30×10−9

m2s−1 [25].
This study aims to assess how different concentrations of
titanium dioxide (TiO2) in polyamide membranes affect for-
ward Osmosis (FO) efficiency. Identifying the optimal TiO2
concentration is crucial for maximizing water diffusion and
minimizing ion passage, which could otherwise hinder FO

performance. Understanding these pivotal factors can fa-
cilitate the selection of superior membranes for seawater
desalination [26, 27].
To explore the trajectories of particles in multi-particle sys-
tems, molecular dynamics (MD) is an effective approach.
This method employs Newton’s equations of motion to sim-
ulate the interactions among particles, treating these interac-
tions as force fields. The specific force field applied to each
particle is contingent upon the nature of its adjacent parti-
cles and the characteristics of their interconnections [28, 29].
Recently, the application of MD has gained traction in the
study of water transport through osmotic membranes, high-
lighting its versatility and effectiveness in such research.
Molecular dynamics simulation technique is a powerful tool
for forecasting molecular characteristics such as diffusion,
transmembrane transport of molecules, and the accumu-
lation of particles adjacent to the membrane. This study
delves into three key aspects: self-diffusion coefficients,
radial distribution functions, and coordination numbers, all
assessed through MD simulations. The self-diffusion coeffi-
cient (D) is especially crucial for estimating the diffusion
rates of macromolecules in cellular biochemical activities
and of the water molecules in osmotic operations.

2. Simulation method
In this research, we investigated the impact of incorporating
titanium dioxide (TiO2) into the polyamide membrane on
the self-diffusion coefficient of water during forward Osmo-
sis, using the molecular dynamics (MD) method.
The self-diffusion coefficient (D) is especially crucial for
estimating the diffusion rates of macromolecules in cellu-
lar biochemical activities and of the water molecules in
Osmotic operations. The self-diffusion coefficients (D) of
molecules in a three-dimensional space are calculated from
the slope of the mean square displacement (MSD) graphs
of particles, as described by the Einstein equation, Eq. (1)
[30–32].

D =
⟨R(t)2⟩

6t
(1)

where “t” is molecular dynamics simulation time.
MSD is calculated as the deviation of position of an atom i
at time t, and is defined by Eq. (2).

MSD =
1
N

N

∑
i=1

|∆rl(t)|2 (2)

where N is the number of particles.
The radial distribution function (RDF) quantifies the aver-

age spatial distribution of particles relative to a reference
particle, Fig. 1.
The RDF, denoted as g(r), is a function of distance, r, be-
ginning at zero and increasing to a peak corresponding to
the distance defining the first coordination shell of particles
around the reference particle.
Integrating of the RDF across the initial peak yields the
mean number of particles, Nc, within the first coordination
shell at a distance (r = 2 Å to r = 4 Å) See Eq. (3), where
0.02 is the distance of g(r)s [33].

Nc =
∫ 4 Å

2 Å
(

gri +gri+1

2
)×0.02 (3)
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Figure 1. Distribution of particles relative to a reference
particle.

This study contrasts its theoretical results with empirical
data, focusing on the diffusion coefficient (D), which is
commonly the sole parameter reported in experimental stud-
ies among the three parameters: diffusion coefficient (D),
radial distribution function (RDF), and number of particles
(Nc). The theoretical results of this work are compared with
the experimentally determined diffusion coefficients from
the other research. For computational analysis and property
evaluation in molecular dynamics simulations, we used the
Large-scale Atomic/Molecular Massively Parallel Simula-
tor (LAMMPS) program [34].
Initially, three separate simulation cells of identical dimen-
sions were created: a pure water cell, a salt solution cell,
and a membrane cell saturated with water. Each cell under-
went individual optimization. Subsequently, a 100 ps NPT
simulation (constant moles (N), pressure (P), and tempera-
ture (T )) was performed at 300.0 K and 1 atm (10−4 GPa)
to establish a new equilibrium and determine the updated
density. The agreement between the calculated density and
experimental values confirms the computational accuracy.
Thereafter, the three cells were combined into layers to con-
struct a comprehensive bulk system.
Both optimization and NPT calculations were performed on
this combined structure.
To assess the transport properties of particles across the
membrane, MD simulations were conducted at 300.0 K
using the Grand Canonical Monte Carlo (GCMC) method
within the NVT ensemble (a canonical ensemble with con-
stant molecules (N), volume (V ), and temperature (T )). The

Figure 2. Structures of m-phenylenediamine (MPD) and 1,
3, 5-Benzenetricarbonyl trichloride (TMC).

Nosé-Hoover thermostat and Berendsen Barostat were em-
ployed throughout the simulations to maintain the tempera-
ture at 300.0 K and pressure at 1 atm, respectively [35, 36].
In all of the simulations, the Forcite Molecular Dynamics
calculation with condensed-phase optimized molecular po-
tentials for atomistic simulation studies (COMPASS) force
field was carried out to reach an equilibrium structure using
canonical ensemble (NVT) at 50.0 ps of total simulation
time and 50000 numbers of steps. The compass force field
is suitable to calculate the diffusional properties of water
molecules and ions [37, 38].
Water molecules were modeled using the non-polarizable
and rigid TIP4P/2005 model which has been shown to ac-
curately reproduce [39].
In the implementing of cell optimization calculations, elec-
trostatic interactions with the Ewald method and van der
Waals interactions were considered at a cut-off radius of
1.25 nm.
The periodic boundary conditions (PBC) were considered
for simulation bulk in x and y directions.

3. Construction of cells

3.1 Construction of polyamide cell
The polymerization reaction between m-phenylenediamine
(MPD) as an aromatic amine monomer and trimesoyl chlo-
ride (TMC) as an aromatic acyl chloride monomer leads to
the production of polyamide, Fig. 2 [40].
In experimental literature, the preparation of polyamide
(PA) involves varying the ratio of MPD to TMC from 5:1 to
20:1, with a significant excess of MPD monomers [41].
In the first step, the monomer of polyamide is constructed
by connecting the nitrogen of a free amine group of MPD
and the carbonyl carbon of a free acyl chloride group of
TMC, Fig. 3. Next, the chain of polymer is constructed
by randomly homo polymer technique, and put in the box
and then cross-linked with excess amount of MPD in the
vacuum via MD simulation in the NVT ensemble at 300.0
k.
The minimized polyamide membrane is saturated with wa-
ter molecules by performing the Forcite MD calculation at
300.0 K using the Grand Canonical Monte Carlo (GCMC)
method to obtain a minimized saturated membrane [35]. In
several repeated steps, the water molecules are loaded into

Figure 3. Monomer of polyamide.
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Figure 4. Cell of optimized polyamide membrane.
(Colors assigned to: red: oxygen; white: Hydrogen; blue:
Nitrogen; gray: Carbon, green: Chlorine, Purple: Sodium)

the box of minimized polyamide membrane by adsorption
locator calculation. After each step of loading, the energy
of this box is calculated. The minimized saturated PA mem-
brane is obtained with 175 water molecules. The cell of
optimized saturated polyamide membrane with box param-
eters (2.0×2.0×2.0) nm3 shown in Fig. 4.
Table 1 shows the density of saturated polyamide membrane
in equilibrated of the cell conditions.

3.2 Construction of H2O cell
The water cell must match the PA membrane cell. Therefore,
the lattice type of the water cell is adjusted to a cubic struc-
ture (2.0×2.0×2.0 nm3) containing 268 water molecules.
The number of water molecules is estimated based on the
cell volume, the density of water (1 g/cm3), and the molec-
ular mass of water (18 g/mol). The H2O reservoir reached
equilibrium after optimization for 50.0 ps.

Figure 5. Salt solution cell.
(Colors assigned to: red: oxygen; white: Hydrogen; blue:
Nitrogen; gray: Carbon, green: Chlorine, Purple: Sodium)

Figure 6. Simulation bulk with 10−4% TiO2.
(Colors assigned to: red: oxygen; white: Hydrogen; blue:
Nitrogen; gray: Carbon, green: Chlorine, Purple: Sodium)

3.3 Construction of Na+Cl− solution cell
The reservoir of Na+Cl− solution with (2.0×2.0×2.0) nm3

dimension including 268 water molecules and 19Na+ and
19Cl− ions, corresponding to 23%wt of salt at concentration
approximating seawater, Fig. 5, [42].
The geometry optimization calculation was carried out for
salt solution cell at 50.0 ps of total simulation time and
50000 numbers of steps by using NVT canonical ensemble.

3.4 Simulation bulk
As illustrated in Fig. 6, the simulation bulk consists of a
membrane cell surrounded by two cells: a NaCl salt solution
cell on the right side and a pure water cell on the left side.
Each cell has a cubic size of 2.0×2.0×2.0 nm3, and the
dimensions of the bulk are 2.8×2.8×8.6 nm3 (Table 1).
In Fig. 6 can be see a snapshot of the NVT simulation bulk.
Table 1 shows the density of saturated polyamide membrane
in equilibrated conditions of cell.

4. Results
In this study, we detail the outcomes of MD simulations
analyzing the diffusion patterns of water molecules and Na+

and Cl− ions through a polyamide membrane. The anal-
ysis utilizes self-diffusion coefficients, radial distribution
functions, and concentration profiles. To ascertain compu-
tational precision, we compared the density results from
NPT simulations of the saturated polyamide membrane un-
der equilibrium conditions with findings from other studies.
Our results indicate a density of 1.21 g cm−3 for the sat-
urated polyamide (refer to Fig. 7, Table 1), which aligns
with Salestan et al.’s reported value of 1.19 g cm−3 [26] and
Wei et al.’s values of 1.28 g cm−3 [1] and 1.24 g cm−3 [43].

Figure 7. Density of saturated PA membrane.
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Table 1. Density and lattice parameters of cells and bulk.

Cell Density g cm−3 Lattice parameters/nm3

PA, Saturated membrane cell 1.21 2.0×2.1×2.1

Water cell 0.98 2.1×2.1×2.1

Salt solution cell 0.77 2.0×2.0×2.0

Bulk PA 0.80 2.8×2.8×8.6

Figure 8. Energy minimization of bulk.

The average experimental density of hydrated polyamide
(PA) is approximately 1.24 g cm−3 [44]. The consistency
of our density results with these benchmarks suggests that
the computational accuracy is within acceptable limits.
Fig. 8 shows that the bulk system reaches a minimum en-
ergy after 35 ps out of a total simulation time of 50 ps. The
attainment of thermal equilibrium in the simulation bulk at
300.0 K is depicted in Fig. 9. The equilibrated system was
then utilized to analyze water transport behavior. In the MD
simulation, the system underwent a relaxation period of 50
ps, with analyses conducted using only the data from the
final 20 ps.
During the NVT simulation, a net movement of water
molecules was observed from the pure water cell (feed
phase) to the salt solution cell (draw phase). This migration
is driven by the chemical potential gradient between the two
phases, consistent with the principles of forward Osmosis.
A detailed examination of the water molecules’ oxygen
charges revealed a charge of −0.82 in molecules originating

Figure 9. Temperature equilibrium of simulation bulk.

Figure 10. Relative concentration of pure H2O at the initial
times of calculation.

from the pure water source. In contrast, the oxygen charge
in molecules from the salt solution source was found to be
0.0. The disparity in oxygen charges can be attributed to
differences in the chemical environments and interactions
with neighboring molecules.
The diffusion dynamics of water molecules and ions were
investigated through concentration profile analysis. Follow-
ing the minimization of the simulation bulk, we determined
the relative concentration distributions of water molecules
and ions along the z-axis. Figures 10 and 11 illustrate the
relative concentrations of water, sodium, and chloride ions
as functions of distance within the bulk system. At the left
of chart, the relative concentration of pure water, carrying a
charge of −0.82, is displayed for the pure water cell, while
the right side presents the concentrations of sodium and
chloride ions in the salt solution cell.
Fig. 10 reveals that the water concentration between 2.8 to
4.3 nanometers remains constant, indicating the membrane’s
saturation with water. Prior to initiating the calculations

Figure 11. Relative concentration of pure H2O at the end of
calculation.
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Figure 12. Mean-squared displacement of pure water in PA.

(as shown in Fig. 10), the concentration of water with a
charge of −0.82 on the right side of the chart is nonexistent,
indicating that water has not yet commenced its flow from
the pure water to the salt solution side. As the calculations
proceed, pure water molecules migrate into and through
the membrane, evidenced by the increasing presence of wa-
ter molecules with a charge of −0.82 on the membrane’s
right side. Upon completion of the calculations and the sys-
tem’s attainment of equilibrium (as depicted in Fig. 11), the
concentration of these water molecules becomes roughly
equivalent in both cells. Conversely, there is no detectable
movement of Na+ and Cl− ions towards the left side of the
bulk (the pure water cell), as demonstrated in Fig. 11.
Figures 12 and 13 show examples of MSD diagrams, dis-
playing the mean-squared displacement (MSD) of pure wa-
ter molecules (with an oxygen charge of −0.82) and Na+

ions diffusing in the polyamide membrane, respectively, as
a function of time.
The slop of MSD chart for pure H2O is obtained 0.7×10−2

nm2 ps−1 and for Na+ 0.66×10−2 nm2 ps−1.
The self-diffusion coefficients (D) of water and Na+ and
Cl− are determined from the slop charts of mean square
displacement (MSD) in three dimensions (see Eq. (1) and
Eq. (2)). The calculated self-diffusion coefficients (D) of
pure water molecules and Na+ and Cl− ions in PA are
0.92×10−9 m2 s−1 and 0.44×10−9 m2 s−1, 0.48×10−9

m2 s−1 respectively.
By considering the charge differences of oxygen atoms in
water across different regions, we obtained the radial dis-
tribution functions (RDFs) of pure water molecules and
compared them with the RDF of H2O in the salt solution
(Fig. 14). The diffusion coefficient in the membrane varies,
ranging from 2.63×10−1 nm to 4.19×10−1 nm for pure
H2O, with an average distribution of 28.4 at the main RDF
peak. In contrast, for H2O in the salt solution, the main
RDF peak is at 0.97×10−1 nm with an average distribution
of 25.0, indicating greater penetration of pure water into the
membrane.

Figure 13. Mean-squared displacement of Na+ in PA.

Figure 14. RDF diagram of H2O in PA bulk, pure H2O and
H2O in salt solution.

Integration of the RDF diagram provides the relative num-
ber (Nc) of water molecules around the main peak of the
RDF for pure H2O, specifically between 0.2 nm and 0.4
nm (see Eq. (3)). Similarly, the relative number of ions is
derived from RDF integration around their main peaks. The
Nc results are listed in Table 2, showing values of 16.60,
13.62, and 12.46 for H2O, Na+, and Cl− in PA, respectively.
Only in pure PA and modified polyamide with 0.1% of TiO2,
the Nc for water is greater than sodium and chlorine ions. In
other concentrations of TiO2, Nc of water is lower than ions.
This is one of the reasons that show that modification of
polyamide with a concentration of 0.1% of TiO2 is a better
option for water passage.
The primary objective of this research is to examine how
varying concentrations of titanium dioxide (TiO2) influence
water permeability. By incorporating TiO2 into the mem-
brane at different weight percentages, we conducted further
analyses, the details of which are presented in Table 2.
Fig. 15 displays the self-diffusion coefficients (D) of water
molecules and Na+ and Cl− ions at 300.0 K across various
TiO2 concentrations in polyamide (PA). It is evident that
TiO2 concentrations distinctly affect the diffusion coeffi-
cients. In this chart, the self-diffusion coefficient of water
at a TiO2 concentration of 0.1% is higher than at other con-
centrations. At a concentration of 1%, the self-diffusion
coefficient of water is close to that at 0.1%, but this value is
higher for sodium and chlorine ions.

Figure 15. Self-diffusion coefficients (D) of water molecules
and Na+ and Cl− at the different concentrations of TiO2 in
PA.
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Table 2. Mean square displacement (MSD), diffusion coefficients (D), maximum of radial distribution function peak (g(r))
and coordination number (Nc) of membranes.

Weight percentages %TiO2 MSD (10−2nm2 ps−1) D×10−9 (m2 s−1) Maximum g(r) Nc (2Å to 4Å)

in PA membrane H2O Na+ Cl− H2O Na+ Cl− H2O Na+ Cl− H2O Na+ Cl−

0 0.552 0.266 0.267 0.92 0.44 0.48 28.40 53.31 51.85 16.60 13.62 12.46

10−4 0.700 0.209 0.206 1.14 0.35 0.34 28.40 40.93 43.18 36.01 39.76 44.23

10−3 0.666 0.820 0.884 1.11 1.36 1.47 27.77 69.40 78.32 15.12 19.99 27.5

10−1 0.799 0.192 0.198 1.33 0.32 0.33 32.50 21.10 24.6 42.35 22.70 20.86

1 0.778 0.630 0.285 1.29 0.86 0.47 27.07 159.5 138.77 34.03 46.93 35.02

Notably, the diffusion coefficient (D) of H2O exhibited an
increase across all TiO2 concentrations, with increments of
24%, 21%, 44.5%, and 40% for 10−4%, 10−3%, 10−1%,
and 1% weight percentages, respectively.
The PA membrane with 0.1% wt of TiO2 demonstrated
the optimal diffusion coefficient for pure H2O. At this con-
centration, the diffusion coefficients for Na+ and Cl− ions
were also lower compared to other concentrations. This phe-
nomenon is likely due to the optimal dispersion of TiO2 at
a 0.1% concentration within the PA membrane, enhancing
its hydrophilicity and consequently facilitating greater H2O
diffusion.
These findings are corroborated by the experimental work
of Amini and colleagues, who observed that adding 0.1%
TiO2 to the polyamide membrane led to a 40% increase
in water transport through the membrane during forward
Osmosis [21].

5. Conclusion
In this research, the effect of different concentration of
TiO2 in the polyamide membrane on the permeation rate of
water molecules in the membrane was investigated using
molecular dynamics method during forward Osmosis simu-
lation as a spontaneous process. The results indicate that by
adding TiO2 to the polyamide membrane at concentrations
of 0.1%wt and 1%wt, the self-diffusion coefficient of water
has significantly increased. To enhance the efficiency
of the membrane in the forward Osmosis process, with
the increase in the self-diffusion coefficient of water, the
self-diffusion coefficient of ions must decrease, which is
evident at the 0.1 weight percent of TiO2. Comparing the
results of this theoretical work with the experimental works
that have been done in this regard shows that the molecular
dynamics method can be helpful in predicting the efficiency
of hybrid membranes in the forward Osmosis process.
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