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ABSTRACT

Multi-layer membrane filtration is a widely used technology for separating and purifying different components of
a liquid mixture. This technique involves passing the liquid mixture through a series of membranes with decreas-
ing pore sizes, which allows for the separation of different components according to their molecular size. This
study investigates the filtration process of a fluid through a two-dimensional porous medium designed for
seawater desalination. The focus is on understanding the impact of various parameters such as the coefficient
of friction, velocity, and the number of layers on filtration efficiency. The results reveal that the number of layers
plays a crucial role in desalination, with an increase in layers leading to enhanced filtration quality, following a
power law relationship. The study explores the influence of the coefficient of friction on filtration performance,
emphasizing its significant effect on the number of particles filtered over time. Additionally, the role of the initial
velocity in filtration efficiency is examined, showing distinct effects at both high and low velocities. Biofouling is
identified as a factor influencing filtration, with an initial increase in filtered particles followed by a decline due to
particle accumulation in pores.

KEYWORDS

Desalination process; membrane filtration; Langevin dynamic; fluid velocity; number of layers; filtered particles

1 Introduction

The inability to acquire sufficient water for drinking is one of the biggest pressing issues of the 21st
century. This serious problem worries people all over the world and attracts public attention. Water covers
three-quarters of the Earth’s surface, but 98% of it is salt water, which cannot be directly used for
domestic and industrial purposes [1]. The scarcity of clean water resources is becoming a severe issue in
many countries as a consequence of the increase in worldwide populations and the growth of the
industry. About 2 billion people live in a world with a limited supply of fresh water, based to statistics
[2,3]. Millions of people die each year from diseases spread through contaminated water. Water problems
are projected to get worse in the coming decades. Eliminating this looming problem will require
extensive research to identify new and powerful water treatment methods with less cost and energy [4].
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Desalination, an emerging technology to offset weakening freshwater resources, appears to be an
economical source for meeting future freshwater demands. The technology offers a way to convert
seawater into potable water, mitigating the impact of freshwater shortages. Seawater desalination
technologies fall into two broad categories: thermal technologies like multi-effect distillation (MED), and
vapor compression distillation (VCD), and membrane technologies like electrodialysis (ED) and reverse
osmosis (RO) [5]. Membrane desalination uses pressure from an electric pump to separate membrane-
based permeate from sterile water or surface water, whereas thermal desalination evaporates the permeate
using heat [6]. Given the huge energy demand for seawater desalination, the thermal and electrical energy
needed for a seawater desalination process vary according to the technique used [7,8].

Thermal desalination necessarily requires both heat energy and electricity, whereas membrane
desalination mainly consumes electricity [9]. RO software, commonly used in membrane desalination,
consumes between 3.5 and 5 kWh/m3 of energy.

Despite the potential of desalination, challenges persist, including high costs, environmental concerns,
and energy dependence. However, ongoing developments in membrane technology show promise in
addressing some of these challenges [10]. According to 2013 data, the global installed capacity for
reverse osmosis (RO) was 65%, 21% for multi-stage flash distillation (MSF), and only 9% for multi-
effect distillation (MED) [11]. Four membrane separation processes are popularly used in wastewater and
water treatment, particularly microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis
(RO), and direct osmosis (FO) [12]. Recent advancements have also explored the use of Janus graphene
oxide (GO) channels with polarized surface charges as nanofiltration membranes. For instance, a study
demonstrated that symmetric Janus GO channels, with their tunable geometry and charge polarity,
significantly enhance water permeability and ion rejection, highlighting their potential for optimized
desalination performance [13].

The membrane serves primarily as a filter that divides two distinct phases and restricts the selective
transit of certain substances. A membrane can be homogeneous or heterogeneous, symmetric or
asymmetric, liquid or solid; it can be negatively charged, positively charged, or neutral. Transmembrane
transport can be affected by the diffusion or convection of individual molecules and by electrical or
chemical gradients [14].

Reverse osmosis (RO) membrane separation can remove particles as small as a few Angstroms [15].
External pressure is used in an RO process to overcome natural osmotic pressure so that water can pass
across an impermeable membrane from a seawater reservoir to a freshwater reservoir, leaving salts in the
feed reservoir. As a result, this technique has been widely accepted as a viable and promising solution for
supplying sustainable freshwater and addressing the water scarcity challenge [16,17]. Despite the fact that
membranes for water treatment technologies are constantly being developed, there is still a need for
improved membrane materials. To maximize the separation performance of the RO membrane, scientists
and engineers must look for new, efficient materials.

Moreover, due to the high costs of experimenting and the disordered and complicated microstructures of
porous media, fluid transport in porous media, particularly in membranes, is difficult to describe. Researchers
have turned to digital simulation. Modeling saves a great deal of time and cash, and it allows you to do things
that were previously unthinkable. It is used in all scientific disciplines, ranging from basic science to
behavioral science, biology, and engineering science. Modeling the phenomenon of seawater desalination
is an important method for investigating and comprehending the diffusion and nanofiltration of dirty
water in porous media.

Yang et al. [18] has been hired as a monolayer (g-C2N) membrane by molecular dynamics (MD); it is
one of the appropriate computational methods used for the investigation of the interactions between particles
by solving Newton’s equation of motion. Their results indicated that the (g-C2N) monolayer may act as a
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highly effective filter for desalinating water. Karimzadeh et al. [19] found that a bilayer C2N membrane was
used to achieve 100% salt rejection at all applied pressures. However, the water flux was somewhat reduced
compared to the single C2N membrane system [20].

In order to determine the effectiveness of the number of membrane layers on the amount of filtered
particles, especially cations and anions of salts, we have used the stochastic Langevin method to
investigate the desalination phenomenon. In this investigation, we propose to study the tangential fluid
flow in a multilayer membrane filtration under external pressure and evaluate the behavior of the filtered
particles as a function of many physical parameters, including the coefficient of friction, initial velocity,
and number of layers. Thus, every result will be compared to the results obtained using the other model.

2 Numerical Model

In this work, we investigated the filtration process of a fluid through a two-dimensional porous medium
with a square shape of L × L (see Fig. 1) with L = 30 m. The porous medium consists of horizontally arranged
membrane layers designed to capture salt particles, the distance between the layers is approximately 3 m and
equidistant. The salt particles are considered to have a spherical geometry with a size smaller than that of the
membrane pores. Each membrane layer is characterized by a random porosity ф and the same thickness e
parameters. The fluid flow through the membrane is characterized by a tangential motion, emphasizing
the significance of forces acting parallel to the membrane surface. The primary pressure force driving the
flow is directed along the x-axis, contributing to the overall dynamics of the fluid and particle transport
through the membrane layers.

To accurately capture the complex interactions between the fluid and salt particles during the
desalination process,we employed the Langevin dynamics Eq. (1), based on the fundamental principle of
dynamics and Darcy’s law [21]. Applicable in several scientific and technical disciplines [22–26]. Instead
of addressing each specific interaction between a Brownian particle and the surrounding bath particles,
the model adopts a statistical approach to describe these interactions collectively. The force exerted by the
bath on the Brownian particle is considered to consist of two components: a frictional force directly
proportional to the velocity of the Brownian particle and a randomly fluctuating force that can only be
discussed in terms of statistical probabilities. This model offers a more realistic simulation by treating the
forces statistically. These forces are then incorporated into Newton’s equation of motion to derive the
Langevin equation [27]. Generally, the flow of fluid in this medium is governed by a set of parameters,

(a) (b)

Feed

Figure 1: (a) The multilayer membrane filtration system; (b) the filtered particles go through the membrane
because of the external pressure
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such as dynamic pressure and viscosity. In addition, there are other parameters that characterize the medium,
such as permeability, flow form, etc.

In this study, the motion of particles within the fluid is random under the action of three forces (a
frictional force, a pressure force, and a random force called the Langevin force). In the context of
Newton’s second law, the Langevin equation is given by:

mi:
dvi tð Þ
dt

¼ �cvi tð Þ þ Fp0 þ R tð Þ (1)

Here, m represents the mass of the diffusing particle, and v(t) denotes its velocity.

γ: the friction coefficient of fluid and FP0: pressure force

A relationship based on the fluctuation-dissipation theorem connects the frictional force and the
stochastic effect, which is expressed by determining the variation of the fluid flow’s velocity in thermal
equilibrium, like:

� R tð Þ �¼ 0 and � R tð ÞR t0ð Þ �¼ 2mikBcTd t � t0ð Þ (2)

In which � R tð Þ �¼ 0 represents the average value of R(t) and 2mγkBT represents the noise variance

coefficient as determined by the equation: < v2 > =
kB T

m
where T represents the temperature and kB represents

the Boltzmann constant.

To characterize the behavior of the fluid particles during the flow, we define the diffusion coefficient
developed by Einstein’s relation [28]:

D ¼ kBT

mc
(3)

According to Darcy’s law, the particle velocity can be expressed as follows:

vi ¼ K:dp

l:dx
(4)

In a more general way, Darcy’s law can be written in vector form, taking gravity into account:

~Vi ¼ K

l
: rp
�!� q~g
� �

(5)

K : permeability, l: dynamic fluid viscosity, rp
�!

: pressure gradient, q: density, ~g: gravity acceleration
vector.

We have the following results from the projection of Darcy’s law for a two-dimensional system:

P ¼ � l
K
v tð Þ:xþ P0 (6)

where P0: Static pressure; x: Distance traveled.

The resulting external force expression is:

FP0 ¼ P:S ¼ � l
K
v tð Þ:x:S þ P0:S (7)

Finally, the stochastic differential equation of Langevin is:

dv tð Þ
dt

¼ � c
mi

þ l
qK

� �
v tð Þ þ R tð Þ þ P0:S

mi
(8)
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The solution to the differential equation is expressed in a general form as follows:

v tð Þ ¼ Ae
� c

mi
þ l

qK

� �
t þ R tð Þ þ P0S

cþ mi l
qK

� � (9)

where A is a real constant a determined by the initial conditions v t ¼ 0ð Þ ¼ 0ð Þ, formi ¼ 1, The expression of
the average velocity function can be represented as:

v tð Þ ¼ dx tð Þ
d tð Þ ¼ P0S þ R tð Þ

cþ mi l
qK

 !
1� e

� c
mi
þ l

qK

� �
t

 !
(10)

The expression of the distance function is obtained by integrating the expression of the velocity function:

dx tð Þ ¼
Z P0S þ R tð Þ

cþ mil
qK

 !
1� e

� c
mi
þ l

qK

� �
t

 !
d tð Þ (11)

x tð Þ ¼ P0S þ R tð Þ
cþ mi l

qK

 !
t þ 1

c
mi
þ l

qK

� � e� c
mi
þ l

qK

� �
t

0
@

1
A (12)

After detailing the Langevin equation governing the dynamics of particles in our system, we turn our
focus to the calculation of Nf, the number of particles filtered or captured by the interlayer, start by
initializing Nf = 0. At each moment or time step, track the particle’s position relative to the interlayer. If a
particle is close enough to the interlayer to be considered captured, increment Nf using the formula
Nf = Nf + 1. This involves defining a capture condition, such as a distance threshold from the interlayer.
Continuously check each particle’s position at every time step, updating Nf accordingly whenever a
particle meets the capture condition. This ensures Nf reflects the total number of particles captured by the
interlayer over time.

3 Results and Discussions

The interest in membrane filtration has evolved in recent years because of its ability to separate salt
particles. Our system is an equidistant porous layer placed in a square channel. The porous medium is
thus represented by a series of independent parallel layers with an arbitrary distribution of pores in each
layer, as shown in the representative image of the filtration system Fig. 1.

The numerical simulation is designed to analyze the behavior of the system under conditions of periodic
boundary. We model a total of 7000 particles existing inside the membrane, focusing specifically on those
that need to be filtered from water. To highlight these particles, we used a single color (blue), as our
primary interest lies in their behavior and interactions within the filtration process. We do not simulate
individual water particles; instead, we represent the fluid medium abstractly to streamline our simulations
and directly study the filtration efficiency, the simulation is designed to explore how the properties of a
membrane influence the effectiveness of desalination in seawater. Parameters such as the coefficient of
friction c, the velocity V0 and the number of layers nL are systematically varied to assess their influence
on filtration performance.

In this paragraph, we discuss the numerical results using the Langevin dynamics model based on
Newton’s second law according to Eq. (1). To describe this filtration through parallel multilayers, we will
have to adopt the basic approach of membrane filtration modeling and address elements such as the
porous medium, the random deposition of salt particles in the pores, which will depend on the particle
size, and the biofouling phenomenon.
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The theoretical results obtained by working with the conditions mentioned describe the desalination
process based on membrane filtration.

The curve in Fig. 2 illustrates the number of salt particles filtered as a function of time. The feed pressure
P, the coefficient of friction c, and the velocity V0 of the particles are initially injected into the square
channel; also, the cross section S is fixed. The curve below describes the increase in salt particles filtered
with a characteristic time between the transient regime and the permanent one; each layer retains a
number of salt particles, in which case the probability of filtration by each layer is reduced over time.

To describe the flow physics in the layers, we consider that the particle flow occurs simultaneously in all
the multilayers of the membrane. To explain the impact of the number of layers, the time evolution of the
number of filtered particles, which depends on the number of layers used in the filtration process, is
plotted in Fig. 3, which shows that when the number of layers is high, the number of retained salt
particles is significant. The pores of the different layers have arbitrary sizes as well as being randomly
distributed. As the salt particle passes through the first layer encountered, the probability that the particle
will enter one of the pores of this first layer depends on the size of these pores [29]. If the pore is larger
than the penetrating particle, as soon as the particle approaches a layer, it will be accounted for and
eliminated as a pathway for subsequent particles.

These curves show that the performance of the filtration system increases according to a power law with
the number of layers (Fig. 4), so the multilayers offered a high quality of filtration and a remarkable rate of
retention and absorption of salty particles. When the number of layers is minimized, the desalination rate
decreases, which can be explained by pore fouling or by the small thickness of the layers used [30]. The
confinement of the salt particles in the pores of the layers slows the filtration process. Thus, the resistance
caused by membrane fouling increases [31]. However, multi-layer technology is a very effective method
to minimize the accumulation of particles inside the pores and facilitate the filtration process [32]. It is
imperative to point out that the number of salt particles filtered can be a remarkable factor in the filtration
rate through multilayers.

Numerical simulations reveal that the desalination rate of the salt particles in the porous medium of the
filter increases significantly at the start of the process and then declines over time. As the number of filtered
particles increases, the filtration performance of the multilayers decreases over time. The curve in Fig. 5

Figure 2: The time evolution of the filtered particles number using 5 parallel layers
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shows the variation in the number of filtered particles decreasing along with the flow of the particles, which
causes the phenomenon of biofouling of the pores.

In order to simulate the effect of the multi-layers on the desalination process and the behavior of the
particles in the pores, the curves plotted in Fig. 6 represent the effect of the friction coefficient due to the
mechanical interaction between the pores of the layers and the salty particles.

At first, when the large salt particles have been absorbed and intercepted by the first layer and pigmented
on the surface of the layer, other small particles will penetrate the pores of the layer and pass through filtration
through the second layer, and so on. With the accumulation inside the pores, a secondary layer in the form of
a small film is formed, the pore diameter of the film is reduced, and the filtration flow drops sharply. The
coefficient of friction will depend on the shape of the particles, the fluid’s viscosity, and the membrane

Figure 3: The time evolution of the filtered particles as the number of layers function

Figure 4: The connection between both the number of filtered particles and the number of layers
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layers’ porosity. These curves show that the number of particles filtered increases exponentially with time,
with different characteristic times. Yu et al. [33] prepared nanofiber multilayers, and they found
experimentally that when the number of layers is high, the filtration quality increases.

To examine the behavior of filtered particles over time for various coefficient of friction values, we
plotted the curve in Fig. 7, which describes the increase in the number of salty particles as the coefficient
of friction increases and thus the friction force. The relation between the stochastic force and the friction
force is governed by the theorem of fluctuation-dissipation. However, there is a growing need to examine
how the initial velocity affects the layer filter’s saturation during the filtration system.

Moreover, the curves plotted in Fig. 8 represent the behavior of the particles injected in a square channel
with different initial velocities. As shown in the curves, the layer filtration performance is affected by the

Figure 5: The variation of the number of filtered particles over time

Figure 6: The number of filtered particles over time for various friction coefficient value
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initial velocity. The high velocity flow shows that the particles pass through the layers without being
restricted by the pores of the multi-layers, resulting in a decrease in the number of particles filtered at
high feed rates, which proves that the flow rate of the particles in the channel must be controlled.
However, when the flow is generated at low velocities, the particles penetrate into the pores and are
filtered with a shifted characteristic time.

To understand the behavior of the particles and the relationship between filtered particles and velocity,
the result in Fig. 9, shows that if we have fixed the control parameters, the number of filtered particles
decreases exponentially with velocity. In this process, the particles have to overcome the intermolecular
attraction in the liquid channel and the capillary force, resulting in an increase in the resistance to
draining out the particles from the channels. More particles remain inside the filter channel [34].

Figure 7: The variation of the number of filtered particles with the friction coefficient values

nL=5

Figure 8: The time evolution of the number of filtered particles with different initial velocity values
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We compared the results of our multi-layer membrane filtration system for seawater desalination with
the findings from previous studies on wastewater treatment using hybrid multi-soil-layer (MSL) systems.
While our focus was on desalination, both studies share a common goal of enhancing filtration efficiency
and understanding the impact of various parameters on performance. The previous research demonstrated
high removal efficiencies for pollutants such as TSS (Total Suspended Solid), COD (Chemical Oxygen
Demand), TN (Total Nitrogen), and TP (Total Phosphorus), achieving removal rates of up to 97%,
88.57%, 88.49%, and 79.93%, respectively [35]. Similarly, our study reveals that increasing the number
of filtration layers significantly improves the quality of desalination, following a power law relationship,
and highlights the influence of friction coefficient and initial velocity on filtration performance. Although
our system is designed for a different application, the critical role of multi-layer technology and the
importance of controlling flow parameters are consistent with the findings of the hybrid MSL system.
Both studies emphasize the necessity of addressing long-term effects such as biofouling to maintain
filtration efficiency. These comparisons not only validate our approach but also underline the broader
applicability and effectiveness of multi-layer filtration technologies across different domains.

4 Conclusion

In conclusion, the presented numerical simulations offer valuable insights into the behavior of a
membrane filtration system designed for seawater desalination. The study focuses on a square channel
with equidistant porous layers, examining various parameters such as the coefficient of friction γ, velocity
V0, and the number of layers nL to understand their impact on filtration efficiency. The results indicate
that the number of layers is a critical factor in the desalination process. There is a clear trend showing
that an increase in the number of layers enhances filtration quality, leading to improved retention and
absorption of salt particles. The observed relationship follows a power law, emphasizing the effectiveness
of multi-layer technology in minimizing particle accumulation within the pores and facilitating the
filtration process. Additionally, the influence of the coefficient of friction on filtration performance is
explored, demonstrating that the friction force significantly affects the number of particles filtered over
time. The relationship between the stochastic force and the friction force, as governed by the fluctuation-
dissipation theorem, plays a crucial role in shaping the observed transient growth and saturation patterns.
Simultaneously, the impact of initial velocity on filtration is investigated, indicating that both high and

nL=5

Figure 9: The relationship between the number of filtered particles and the feed velocity
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low velocities have distinct effects on particle penetration and filtration efficiency. High velocities result in
fewer particles being filtered due to reduced interaction with the layers, while low velocities lead to increased
filtration times, emphasizing the importance of controlling particle flow rates in the channel. While the results
highlight the success of the filtration system, it is important to note that further investigation is warranted to
extract functional scaling laws. The observed transient growth and saturation suggest the potential existence
of exponential growth and a saturation limit. Future studies could explore these dynamics more deeply to
provide a more nuanced understanding of the system’s behavior. The study also highlights the role of
biofouling in the filtration process, although the number of filtered particles initially increases, it
eventually declines over time due to the accumulation of particles in the pores, leading to reduced
filtration performance. This underscores the importance of considering long-term effects and the need for
strategies to mitigate biofouling in membrane filtration systems.
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