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ARTICLE INFO ABSTRACT

Keywords: Understanding the microscopic architecture as well as the formation mechanisms of polyamide separation layer
Polyamide is essential for designing nanofiltration (NF) membranes with better performance. The influence of monomer
Nanofiltration

concentrations on the structure and separation performance of polyamide NF membranes are investigated using
molecular dynamics simulations. By simulating the interfacial polymerization reaction between piperazine (PIP)
and trimesoyl chloride (TMC) in a dual-solvent environment, four NF membranes are constructed using four
different monomer ratios. Nonequilibrium molecular dynamics simulations are then employed to evaluate water
permeance and ion rejection properties of the resulting membranes. Results show that monomer concentrations
control critical membrane structural features like thickness and degree of network cross-linking (DNC) by tuning
diffusion-reaction kinetics in interfacial polymerization, consequently altering water and ion transport pathways.
Lower PIP concentrations promote decreased DNC and membrane density, enhancing water flux via the
permeation paths. Molecular transport pathways and the dehydration behavior of ions reveal the synergistic
effects of pore morphology and hydration shell modulation on membrane selectivity. These findings provide
theoretical guidance for optimizing fabrication conditions and enhancing the separation performance of poly-

Interfacial polymerization
Water traces

amide NF membranes.

1. Introduction

Water scarcity has emerged as a pressing global challenge nowadays.
In addressing this issue, membrane-based technologies for seawater
desalination and water reuse have emerged as among the most prom-
ising solutions. Despite the considerable research efforts aimed at
enhancing the water permeability of desalination membranes [1], recent
studies have demonstrated that further permeability enhancements
result in only marginal improvements in energy efficiency [2]. Conse-
quently, there has been a shift in research focus toward the development
of membranes with ultrahigh water-solute selectivity, to achieve a bal-
ance between energy efficiency and separation performance.

Among the existing membrane technologies, nanofiltration (NF)
membranes have been widely used for rejecting divalent cations and
small organic molecules owing to their low operating pressure and high
separation efficiency [3-5]. Most advanced NF membranes are typically
fabricated with a thin-film composite (TFC) structure, comprising a
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dense selective layer supported by a porous substrate. Although the
porous substrate can influence membrane performance by regulating
the formation of the polyamide selective layer [6-11] and controlling
the transport pathways of water and solutes [12-15], the key factor
directly determining the separation performance of NF membranes re-
mains the polyamide selective layer itself. The thickness, degree of
network cross-linking (DNC) and pore size distribution of this layer are
critical in controlling membrane permeability and selectivity [16].

The polyamide selective layer is generally synthesized via interfacial
polymerization (IP), in which amine monomers diffuse from the aqueous
phase into the organic phase and react with acyl chloride monomers in
the interfacial region, to form a polyamide membrane with a sub-
nanometer pore structure. In order to achieve both high permeability
and high selectivity, the selective layer of TFC membranes is expected to
be ultrathin and highly cross-linked [17-19]. The intrinsic properties of
the selective layer, including surface charge, surface morphology, hy-
drophilicity, chemical functionality, and pore size, significantly
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influence membrane separation performance by determining the in-
teractions between water and solutes within the membrane [20-23].
Consequently, the optimization of the structure and properties of the
selective layer is imperative for enhancing membrane performance.

To achieve these goals, researchers have conducted extensive studies
on IP conditions. By adjusting monomer type and concentration, reac-
tion time, and curing conditions, interfacial reaction processes can be
optimized to enhance membrane structure and performance [19,24,25].
Further investigations have delved into the diffusion and formation
mechanisms of the polyamide layer during IP. For instance, Zhang et al.
[26] managed to control the diffusion rate by freezing the aqueous
phase, enabling an in-depth analysis of the effects on membrane
morphology and performance. Karan et al. [27] regulated the interfacial
reaction rate by controlling diamine release at the water-hexane inter-
face, successfully fabricating a morphology-controlled polyamide
nanofilms on a nanostrand layer.

When studying the transport mechanisms of polyamide membranes,
commonly used models such as the Pore Flow (PF) model, the Solution
Diffusion (SD) model [28,29]. Moreover, the Donnan-Steric Pore Model
with Dielectric Exclusion (DSPM-DE) model [30] simplify membrane
pores by treating them as homogeneous, rigid, and parallel cylindrical
channels. However, the selective layer of polyamide NF membranes
possesses a highly complex and flexible internal structure, where ion
transport pathways are often tortuous and intricate. While the DSPM-DE
model has been demonstrated to be effective in predicting ion parti-
tioning and permeation through its ability to effectively fit experimental
data, it still lacks the capacity to capture the structural intricacies of the
membrane. Since the transmembrane transport mechanism of ions is
closely related to the actual morphology of membrane pores, a
comprehensive analysis of the distribution and configuration of mem-
brane pores is essential for accurately elucidating transport mechanisms
and providing insights into optimizing membrane selectivity and
permeability.

Recent experimental efforts have proposed several methods for
fabricating high-permeability seawater desalination membranes by
controlling the internal structure, surface morphology, thickness, and
other characteristics of the polyamide selective layer [27,31-33].
However, the precise correlation between nanoscale polyamide
morphology and membrane performance remains unclear [34]. As a
powerful supplement to the experimental research, molecular dynamics
(MD) simulations serve as a powerful tool for investigating the transport
of small molecules through nanopores, enabling the exploration of
transport characteristics that are difficult to capture experimentally.
However, most MD studies have primarily focused on monomer diffu-
sion or the characterization of bulk membrane properties [35-38]. In
contrast, systematic investigations into the membrane formation process
and the resulting internal microstructure remain limited [39].

To address this issue, we constructed NF membrane models by
simulating the IP reaction between piperazine (PIP) and trimesoyl
chloride (TMC) monomers in a dual-solvent environment. Specifically,
we allowed an aqueous phase containing PIP and water molecules to
contact an oil phase containing TMC and n-hexane, where PIP mono-
mers freely diffused to the interface driven by the concentration gradient
and reacted with TMC to form the polyamide membrane structure by IP
reaction. Then, we used non-equilibrium molecular dynamics (NEMD)
simulations to evaluate the water permeance and solute rejection per-
formance of the obtained membranes. By analyzing the transport
pathways of water molecules and ions within the membrane, we iden-
tified the main characteristics of the transport process and their rela-
tionship with the membrane structure, providing a theoretical basis for
further membrane performance optimization.

Journal of Membrane Science 733 (2025) 124334
2. Simulation methods
2.1. Construction of polyamide membranes in a dual-solvent environment

The initial molecular structures of PIP and TMC were constructed
using the moltemplate software [40], ensuring that all monomer mole-
cules remained intact in their original structures [41,42]. In most
experimental studies, the concentration of PIP and TMC varies over a
relatively wide range [24,43]. Considering the limitations of system size
and computational efficiency, the PIP concentration in the simulation
was restricted to below 2.00 wt%. For the organic phase solvent,
n-hexane was selected. Due to its low density, using a low concentration
would require a significantly larger simulation system, which would
severely impact computational efficiency. Therefore, its concentration
had to be increased accordingly. The concentration of TMC was deter-
mined based on the specific molar ratios listed in Table 1. The case
names in the following discussion are abbreviated according to the four
cases listed.

Based on the concentration parameters listed in Table 1, we con-
structed a biphasic system consisting of an aqueous solution of PIP and a
hexane solution of TMC, where the reactive monomers were randomly
distributed in the two phases. Subsequently, graphene sheets were
introduced at both ends of the system as constraint boundaries, and a
pressure of 1 bar was applied. Then a 1 ns simulation was performed in a
canonical ensemble (NVT) ensemble at a constant temperature of 300 K
to ensure sufficient equilibrium. The dimensions of the simulation box
were set to Ly = L, = 5.1 nm, while the z-direction size was dynamically
adjusted according to the reaction progress. Its value was kept signifi-
cantly larger than the gap between the two graphene sheets to minimize
intermolecular interactions across periodic boundaries. Except the fixed
graphene sheets, all molecules in the system were allowed to move
freely. The constructed model is shown in Fig. 1(a).

The cross-linking reaction followed the principle of spontaneity and
was implemented using a self-developed program called the interfacial
polymerization simulator (IPS) [44]. This program continuously tracked
the distance between the carbon atoms of the acyl chloride groups in the
TMC molecules and the nitrogen atoms of the amine groups in the PIP
molecules. When the distance fell below a predefined threshold of 0.35
nm, a new amide bond was formed [45,46]. The reaction tracking in-
terval was set to 0.05 ns. To maintain the stability of the reaction system
concentration, the solution concentration was simultaneously tracked
during each cross-linking detection step. Monomers were dynamically
replenished as needed to ensure that the concentrations of TMC and PIP
remained their initial values.

2.2. Post-treatment process

In this study, membrane structure optimization was achieved
through a self-designed post-treatment process. After the cross-linking
reaction, the following steps were sequentially performed: (1)
Removal of residual solvents and unreacted monomers and retain only
the main body of the membrane structure: As shown in Fig. 1(b), the
green boxed region represents the retained portion. (2) Curing simula-
tion: The system temperature was raised to 350 K to simulate the
experimental curing process. Due to the accelerated reaction rate at this
stage, the reaction tracking interval was shortened to 0.01 ns. (3)

Table 1
Concentrations and numbers of monomers in each simulation case.

Case Name Concentration (wt.%) Monomer Number
PIP TMC PIP TMC
M12/2 2.00 1.54 12 2
M6/2 1.00 1.54 6 2
M3/2 0.50 1.54 3 2
M3/8 0.50 6.18 3 8
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Fig. 1. Schematic of the simulation process. (a) Initial configuration for IP; (b) Final state after cross-linking, with the main membrane region highlighted in the
green box, which is retained for curing; (c) Model used for evaluating water permeation and solute rejection.

Elimination of low molecular weight oligomers: Oligomers with less
than 200 atoms were removed by molecular weight screening to avoid
structural defects caused by high-pressure water flow in subsequent
NEMD simulations. (4) Hydrolysis of residual acyl chloride groups: Re-
sidual acyl chloride groups were hydrolyzed to form carboxyl groups to
improve the chemical stability of the polyamide membranes.

The dry polyamide membrane obtained after the above treatment
required additional hydration process to meet the requirements for
permeability testing. First, we utilized the molecule insertion function
within the IPS software to insert as many water molecules as possible
into the polyamide membrane structure until no more space was readily
available to accommodate additional water molecules. A pressure of 1
bar was then applied across the graphene layers, followed by a 10-ns
equilibrium molecular dynamics (EMD) simulation. The EMD simula-
tion continued until the distribution of water molecules in each poly-
amide membrane reached dynamic equilibrium and the system energy
fluctuations stabilized, providing a reliable initial configuration for
subsequent non-equilibrium permeation simulations.

2.3. NEMD simulation process

The transmembrane transport behavior was then investigated using
the NEMD simulations [47]. The NEMD simulation system was con-
structed as follows: a given number of ions were randomly distributed in
the aqueous phase on both sides of the membrane, forming a saline
solution of 1 mol L™ for either Na ™ or Mg?™. A directional pressurized
field was applied to water molecules within a 1 nm wide region at a
certain distance from the membrane surface. The pressurized field in-
tensity was determined by the equation f = APA/n, where AP is the
predefined transmembrane pressure drop, set to 300 MPa, A is the
cross-sectional area of the simulation box, and n is the total number of
water molecules within the pressurized region.

It is worth noting that a relatively high pressure drop was chosen to
improve the signal-to-noise ratio, a common strategy to obtain mean-
ingful data within the limited simulation time. The constructed model is
shown in Fig. 1(c), where the blue box indicates the pressure application
region. To prevent significant membrane displacement under high
pressure, elastic potential constraints were applied to the top and bot-
tom layers of the membrane, with a force constant set to 0.2, ensuring
that the membrane retained adequate mobility. The system temperature
was maintained at 300 K, with temperature calculations adjusted by
subtracting the center-of-mass velocity of the water molecules.

The NEMD simulations were run for a total of 100 ns with a time step
of 1 fs. The first 50 ns were used for reaching steady state, while the
remaining 50 ns were used for further analysis. A comprehensive anal-
ysis of various membrane parameters and performance metrics can be

found in the supplementary materials.

2.4. Additional simulation details

The entire simulation process was implemented using IPS coupled
with LAMMPS [48]. Molecular modeling was performed following a
multi-scale parameterization strategy: organic molecules (hexane, TMC,
and MPD) were parameterized based on the GAFF2 force field [49], with
atomic charges determined using density functional theory
(B3LYP/6-311G**) combined with the RESP fitting method. Water
molecules were modeled using the standard SPC/E model [50], and the
SHAKE algorithm was used to constrain the water geometry and
improve computational efficiency.

Non-bonded interactions were treated using the Lorentz-Berthelot
mixing rules, with a Lennard-Jones (LJ) potential cutoff radius of 1.5
nm. Long range electrostatic interactions were calculated using the
PPPM method for accuracy. To minimize disturbances from the
graphene-bounded boundaries at the reactive interface, the LJ potential
parameters of graphene were modified, with ¢ reduced to 1 % of its
baseline value, and a short-range cutoff of 1.0 nm.

The simulations were performed under three-dimensional periodic
boundary conditions (PBC). The equations of motion were integrated
using the leap-frog algorithm with a 1 fs time step. The system tem-
perature and pressure were controlled using a Nose-Hoover thermostat
and barostat, respectively. The NVT ensemble was used for key reaction
steps [51].

3. Results and discussion
3.1. Membrane performance

The pursuit of excellent membrane performance is a common goal
among researchers. Therefore, we first present the water permeance and
ion rejection results for various NF membranes obtained using the IPS.
As shown in Fig. 2, the water permeance of the membranes in this study
ranges from 103.2to 390.5 L m2h !bar! (LMHB), with Na™ rejection
varying from 2.8 % to 65.5 %. To account for the influence of membrane
thickness and facilitate a more intrinsic comparison of material trans-
port properties, the water permeability (LMH-nm/bar) was also calcu-
lated and is presented in the supplementary materials. However, Na™
rejection alone is not sufficient to fully evaluate the ion rejection per-
formance of the NF membranes. Therefore, we further tested divalent
cations, using Mg2" as a representative. The results show that Mg>*
rejection ranges from 53.3 % to 94.2 %, indicating that these NF
membranes exhibit effective separation for both monovalent and diva-
lent cations.
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Fig. 2. Permeance and ion rejection performance of all membranes: (a) Performance of NaCl solution and (b) that of MgCl, solution.

Based on the rejection results of two types of cations, the selectivity
of Nat/Mg?* can be calculated for each case as,
1- RNa
1— Ry

@

SNa/Mg =

where Ryq and Ry, are the rejection results for Nat and Mg2+, respec-
tively. Syq/mg results for M12/2 and M6/2 are 8.64 and 5.48, respec-
tively, which are obviously higher than those for M3/2(Sya/mg = 2.07);
M3/8(Sne/mg = 3.72). However, water permeance of M12/2 and M6/2 is
as low as around 100 LMHB while that of M3/2 and M3/8 is at least
twice, indicating that these four NF membranes obey the trade-off effect.

The performance of these four NF membranes is related to the var-
iations of their internal microstructure. It is necessary to further study
the microstructure of these NF membranes. The primary factors
affecting the permeability and rejection performance of NF membranes
are their microstructure, with membrane thickness being particularly
critical.

The water permeance values presented in Fig. 2 are significantly
higher than typical experimental values reported in the literature for
polyamide nanofiltration membranes, which are approximately 10-30
LMHB [52]. This discrepancy is due to the limited system size in the
simulations. The polyamide NF membranes constructed in this work
have an average thickness of 3.1, 5.1, 3.3 and 3.0 nm for M12/2, M6/2,
M3/2 and M3/8, respectively, which is far below those of the experi-
mental membranes. The reason is that the presence of a free interface
significantly reduces the thickness of the fabricated membrane, and a
thinner membrane results in a nonlinear and large increase in water

X (nm)

permeability that far exceeds the change in thickness [53]. When water
molecules or ions pass through the membrane, they tend to follow the
path of least resistance [54]. Therefore, permeation occurs predomi-
nantly in the thinner, more porous regions of the membrane rather than
in the thicker, denser regions. At this point, it is unreliable to examine
the contribution of the average thickness to permeance when consid-
ering the NF membrane as a whole. By using MD simulations, which
provide a detailed view of the microstructure, we are able to present
more comprehensive results related to membrane thickness.

As shown in Fig. 3(a), all four NF membranes are nearly defect free
and structurally intact before permeance examination. However, after
undergoing NEMD simulations with water flow impact, the micro-
structure of membranes changes to varying degrees for four NF mem-
branes (Fig. 3(b)). For M12/2 and M6/2 membranes, the thickness
distribution slightly changes. Regions exhibiting noticeably low thick-
ness are observed. The changes in thickness distribution certainly in-
fluence the performance of these NF membranes. The M6/2 membrane
is generally thicker and exhibits a uniform thickness distribution. Even
after enduring water flow impact in the NEMD simulations, it maintains
its structural integrity, thereby ensuring complete rejection of Mg?" and
high rejection of Na™. In contrast, the M12/2 membrane develops small
low-thickness regions after water flow impact, which provide pathways
for water molecules and some Na™ to penetrate. Consequently, its Na™
rejection rate is slightly lower than that of the M6,/2 membrane while its
permeance is somewhat higher. For the M3/2 and M3/8 membranes,
larger low-thickness regions are observed in the thickness maps, which
significantly reduce the permeation resistance for both ions and water

M3/8

Thickness (nm)
6.5

-3
\ 52
=

Fig. 3. xy-plane thickness maps of all membranes before (a) and after (b) NEMD simulations.
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molecules, leading to lower rejection rates for both cations and higher
water permeance.

3.2. Molecular details during the formation of NF membranes

The differences among the four NF membranes are correlated with
their fabrication conditions. Therefore, understanding the relationship
between membrane structure and various factors in the fabrication
process is highly essential in this work.

Firstly, the variations in membrane thickness are examined. Given
the high reaction constant of PIP, its reaction with TMC is often
approximated as instantaneous; under such conditions, membrane
thickness is generally considered to be primarily governed by monomer
diffusion behavior during the IP process [44]. To gain deeper insights
into the complex influence of monomer concentration on thickness, we
examined existing theoretical models of interfacial polymerization. For
instance, the mathematical model proposed by Freger and Srebnik [55]
explored the relationship between membrane thickness and monomer
concentration, predicting a decrease in thickness with increasing con-
centration based on its specific assumptions. While this macroscopic
theoretical model provides a framework for understanding general
trends regarding the effect of monomer concentration on membrane
growth, it often simplifies the intricate diffusion-reaction kinetics at the
interface. Specifically, it offers limited direct insight into the precise
micromechanisms by which varying monomer stoichiometric ratios
regulate the local reaction environment, oligomer behavior, and ulti-
mately, the final membrane microstructure.

Under the premise of maintaining consistent initial monomer con-
centrations, our molecular dynamics simulations revealed a more com-
plex dependence of membrane thickness on the monomer ratio,
highlighting the critical importance of local stoichiometric balance and
kinetic competition. When the aqueous phase PIP concentration is
excessively high, the monomer ratio at the interface becomes imbal-
anced, leading to a tendency for PIP to diffuse excessively into deeper
regions of the organic phase. However, due to the relative scarcity of
TMC in these deeper regions, these over-diffused PIP molecules struggle
to react effectively and are instead attracted back towards the interface
by locally accumulated TMC, resulting in a narrower effective reaction
zone and a decrease in membrane thickness.

Conversely, when the PIP concentration is moderately reduced,
fostering a more balanced PIP-to-TMC ratio at the interface, the total
amount of PIP entering the organic phase may decrease, but the prob-
ability and depth of its effective film-forming reaction with TMC are
optimized. At this stage, the resulting low-mobility oligomers are less
prone to diffusing back towards the interface and can react further with
TMC within the organic phase, thereby promoting an increase in
membrane thickness. However, if the PIP concentration is excessively
low, the relative excess of TMC at the interface can lead to the rapid
formation of a dense layer at the immediate interface, significantly
inhibiting effective PIP penetration and diffusion into the organic phase.
This also confines the reaction zone to an extremely thin interfacial
layer, ultimately resulting in a thinner membrane.

Moreover, it is noteworthy that higher overall monomer concentra-
tions also lead to an accelerated reaction process (Fig. S4), which can
further contribute to limiting membrane growth. This observation aligns
with the conclusions of the Freger-Srebnik model, which predicts a
decrease in membrane thickness with increasing monomer concentra-
tion. Therefore, we posit that the molar ratio of the two monomers and
their local effective concentrations within the interfacial region, rather
than merely their initial bulk concentrations, collectively dictate the
depth of the interfacial polymerization reaction zone and, consequently,
the final membrane thickness.

Since polyamide membrane fabrication fundamentally involves the
cross-linking process, which determines the membrane structure, the
degree of network cross-linking (DNC) is calculated for each membrane
by Equation (2) [27,56]:
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DNC:Xi(YX 100% 2

The calculation method is based on the two structural forms pro-
duced by the reaction between TMC and amine monomers: the number
of fully cross-linked structures (X), where all acid chloride groups
(C1-C=0) of TMC react with amine monomers to form amide bonds, and
the number of fully linear structures (Y), where one acid chloride group
of TMC remains unreacted.

As shown in Fig. 4(a), after the completion of the IP process, the DNC
of the membranes follows the trend: M12/2 > M6/2 > M3/2 > M3/8.
The reason for this trend is that a relatively higher PIP concentration
provided more reactive sites for TMC, thereby increasing the DNC.
However, in the case of M3/8, excessive TMC results in a lower DNC.

In the experimental preparation of NF membranes, post-treatment is
required after IP to further increase DNC and improve membrane
integrity. In this work, we simulated the post-treatment process and
calculated the changes in DNC after post-treatment. As shown in Fig. 4
(a), the DNC of all membranes increases after post-treatment, with M6,/2
and M3/2 exhibiting the most significant improvement. However, for
M12/2 and M3/8, the increase in DNC is relatively limited. This is pri-
marily due to the fact that, during the IP process, the higher concen-
tration of one kind of monomer results in the almost complete
consumption of the other kind of monomer (Fig. S1), thereby limiting
the number of functional groups available for further reaction during
post-treatment, and consequently restricting the enhancement of cross-
linking.

Moreover, after post-treatment, the DNC and thickness distribution
(Fig. 3(a)) of the M12/2 membrane become similar to those of M3/2.
However, as shown in Fig. 1, its permeance is significantly lower than
that of M3/2, and no noticeable defects are observed after the NEMD
simulation (Fig. 3(b)), indicating that its structure is denser and more
intact. As shown in Fig. 4(b), the local maximum density of M12/2 is
higher than that of M3/2, further confirming its denser membrane
structure, which enables it to confront the impact of higher-pressure
water flow. For the M6/2 membrane, its local maximum density is
close to that of M12/2, and its overall thickness represented by the
density distribution width in Fig. 4(b) is also greater. Therefore, under
high-pressure water flow, it exhibits no significant structural damage. At
this time, its permeance is greatly limited because of the highest trans-
port resistance.

3.3. Traces of permeated water molecules

Generally, the variations in membrane thickness play a key role in
water permeance. As discussed above, the membrane heterogeneity also
critically influences permeation behavior. To identify the dominant
factors governing water transport, the trajectories of water molecules
across the membranes are analyzed singly. Since there exist water
clusters confined within the membranes, which did not permeate across
the membranes during the NEMD simulations, only water molecules that
successfully crossed the membrane are selected to clarify their transport
mechanisms.

Firstly, the overall distribution of water molecules permeating
through the membrane is plotted while noise data with excessively low
local density values are removed (method in the supplementary mate-
rials) to accurately reflect the primary distribution regions of water
molecules. As shown in Fig. 5(a), the distribution characteristics of
water molecules vary significantly among different membrane cases.
From the three-dimensional distribution plots and their density pro-
jections onto the xy-plane (hereafter referred to as the water molecule
distribution regions), it is evident that water molecules primarily
accumulate in several distinct transmembrane regions.

Specifically, in the M3/2 and M3/8 membranes, the distribution of
water molecules is relatively straight and concentrated, with distinct
high-density regions. This indicates that most of the water molecules
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Fig. 4. DNC (a) and density distribution along z direction (normal to the membrane surface) of membranes after post-cure process (b).

M12/2
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Fig. 5. Three-dimensional distribution of water molecules within the membrane (a) and their projected density map on the xy-plane (b). Permeation paths dis-

tribution on the xy-plane (c).

prefer to permeate from these regions, thereby minimizing the resis-
tance caused by lateral movement within the membrane and enhancing
the permeation efficiency. In contrast, the water distribution in the
M12/2 membrane appears slightly more tortuous, while in the M6/2
membrane, water molecules are distributed almost throughout the
entire membrane without distinct accumulation regions. This suggests
that the transport pathways are more complex, requiring water mole-
cules to continuously search for low-resistance regions to complete
transmembrane permeation, thereby reducing the efficiency.

To better visualize the movement pathways of water molecules
within the membranes, for each case, two water molecules are randomly
selected from those whose residence time within the membrane is
around the average residence time. Their trajectories are recorded in
Fig. S2. The results are consistent with the above findings. In the high-
permeance M3/2 and M3/8 membranes, water molecules pass
through the membrane almost in a straight line with minimal lateral
movement, demonstrating high transport efficiency. In contrast, in the
lower-permeance M12/2 membrane, a lot of lateral movements are
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observed in the trajectories, indicating that water molecules encounter
greater resistance during transmembrane transport. For the M6/2
membrane, which exhibits the lowest permeance, the movement tra-
jectories of the water molecules are the most complex, with notably
tortuous paths, suggesting that the water molecules undergo multiple
lateral movements within the M6/2 membrane.

To identify the regions where water molecules can permeate rapidly,
we divide the xy-plane into a 51 x 51 grid and calculate the cumulative
z-axis displacement of water molecules within each grid cell. These
displacement data are ranked, and a two-segment linear fitting method
is applied to determine the distribution inflection point. Regions with
cumulative displacements exceeding this threshold are defined as
permeation paths (method in the supplementary materials).

As shown in Fig. 5(c), the identified permeation paths closely
correspond to high-density water molecule regions, confirming their
role as primary permeation pathways. The M12/2 and M6/2 membranes
exhibit dispersed permeation paths, indicating discontinuous transport
with complex pathways. In contrast, the M3/2 and M3/8 membranes
have concentrated paths, suggesting lower transmembrane resistance
and efficient water permeation.

This phenomenon is closely related to the density distribution
characteristics of the membranes. The M12/2 and M6/2 membranes
have a higher density, where the compact internal structure restricts the
space available for permeation paths, resulting in a more dispersed
transport pathway. In contrast, the M3/2 and M3/8 membranes have
lower densities and greater structural flexibility. Under prolonged
exposure to high-pressure water flow, their pore structures gradually
expand, leading to the formation of concentrated and well-defined
permeation paths regions.

Additionally, we calculate the total area of the water molecule dis-
tribution region and the permeation paths area. As shown in Fig. 6(a), in
the M12/2 and M6/2 membranes, although the total water molecule
distribution region is relatively large, the proportion of permeation
paths is low. This indicates the presence of large inefficient transport
regions, which is a key factor contributing to their lower overall water
permeance. In contrast, the permeation path proportions in the M3/2
and M3/8 membranes are slightly higher than those in the M12/2 and
M6/2 membranes, and their water molecule distribution regions are
smaller. This indicates that these membranes contain more efficient
transport pathways, which effectively reduce the lateral diffusion
resistance and thereby increase the water permeability.

The structural characteristics of the permeation paths within the
membranes have a significant impact on the transmembrane transport
efficiency of both water molecules and salt ions. Furthermore, the
structural differences in the permeation paths across different mem-
brane systems determine the relative contributions of water molecules
and salt ions to the total permeance. As shown in Fig. 6(b), the pro-
portions of water molecules and ions within the permeation paths are
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both relatively high, with water molecules accounting for over 70 % and
salt ions over 80 %. This indicates that the majority of permeance con-
tributions originate from the permeation paths. On the other hand, due
to their larger hydrated diameters, salt ions exhibit a stronger depen-
dence on the paths. In regions that are too narrow for water molecules to
access, the possibility of ion permeation is extremely low.

3.4. Transport behaviors of ions through NF membranes

The exceptional separation performance of polyamide NF mem-
branes for monovalent and divalent ions underpins their broad potential
for industrial applications. Ion transport across the membrane is influ-
enced not only by the intrinsic ion size but also by the dynamic evolution
of its hydration shell. The hydration shell significantly increases the
effective diameter of the ion, necessitating partial dehydration for pas-
sage through nanometer-scale membrane pores. Therefore, investi-
gating the dehydration behavior of ions during transmembrane
transport is crucial for elucidating the membrane separation mecha-
nism. In this study, by comparing the dehydration behavior of Na* and
Mgt in different membrane systems, we clarify how different mem-
brane structures regulate ion dehydration and thereby influence sepa-
ration performance.

As shown in Fig. 7(a), when Na™ ions enter the membrane, their first
hydration shell remains almost stable, with the coordination number
decreasing by only 8 %-12 %. In contrast, the dehydration of the second
hydration shell is much more pronounced (22 %-30 %), indicating that
the dehydration of Na® is attributable to the removal of the second
hydration shell. Importantly, Na* exhibits a higher degree of dehydra-
tion in both the first and second hydration shells in the M12/2 and M6/2
membranes than in M3/2 and M3/8 membranes, which can be attrib-
uted to the denser and more tortuous pore structures in the former two
membranes.

For Mg?*, due to the nearly 100 % rejection rate of the M12/2 and
M6/2 membranes, effective permeation data can only be obtained from
the M3/2 and M3/8 membranes. Since the first hydration shell of Mg*"
remains essentially intact during the permeation process, it is excluded
from Fig. 7. In contrast, the degree of dehydration in the second hy-
dration shell of Mg?" is comparable to that of Na™, suggesting that Mg>*
primarily relies on the removal of the second hydration shell to enable
transmembrane transport.

Compared to Na*, Mg has a higher valence state and a smaller
ionic radius, which results in a higher charge density and stronger
Coulomb interactions with surrounding water molecules [57,58]. As a
consequence, its hydration shell remains more stable, particularly in the
first hydration layer, which is nearly resistant to dehydration. These
characteristics significantly increase the spatial exclusion and sieving
effects encountered by Mg?" during transmembrane transport. While
the degree of dehydration in the second hydration shell of Mg%" is
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Fig. 6. (a) Area fractions of the water molecule distribution and the permeation paths distribution; (b) Proportions of water molecules and ions within the
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similar to that of Na™, its substantially higher hydration free energy and
the persistent resistance of its intact first hydration shell continue to
hinder its permeation through the membrane.

It has been discovered that the atoms on the pore walls can
compensate for the ion hydration shell, partially offsetting the dehy-
dration effect and reducing the free energy barrier that ions must
overcome during membrane permeation [59-61]. As shown in Fig. 7(b),
the compensation effect on the first hydration shell of Na™ nearly re-
stores its coordination number to the bulk phase level, whereas the
compensation for the second hydration shell (including that of Mg?*) is
significantly lower. This discrepancy is attributed to the significantly
lower hydration free energy of the second shell compared to the first.

To quantify this phenomenon, we introduce the Hydration Recovery
Ratio (HRR) as an indicator of the extent to which the PA membrane
participates in ion hydration. HRR is defined as the ratio of hydration
compensation to dehydration, expressed as:

D,

compensation % 1000/0 (3)

HRR =
D, dehydration

where Compensation @nd Dgehydraion T€present the degrees of hydration
compensation and dehydration, respectively. As shown in Table 2, the
HRR values for M12/2 and M6/2 membranes are similar, but signifi-
cantly larger than those of M3/2 and M3/8 membranes.

However, while a high HRR suggests that the pore structure effec-
tively “restores” the ion hydration shell, it also indicates stronger in-
teractions between the ions and the pore walls. This enhanced
interaction increases the adhesive forces of ions within the pore walls,
ultimately increasing the resistance to ion transport across the mem-
branes [62]. This finding also explains why the ion rejection is higher in
the M12/2 and M6/2 membranes.

During ion-transmembrane transport, the peak of the free energy
barrier typically occurs at the point of minimum hydration degree.
Herein, a statistical analysis is conducted on the minimum hydration
number of each ion that successfully permeates the membrane under
different conditions, aimed at elucidating the critical role of pore het-
erogeneity in modulating ion dehydration behavior.

As shown in Fig. 8(a), for the first hydration shell of Na™, most ions
need to shed two water molecules to successfully traverse the mem-
brane. In highly dense membranes (M12/2, M6/2), over 20 % of the ions
have to reduce their hydration number to three, while in less dense

Table 2
Hydration recovery ratio of ions within the membrane.
Case Name HRR(%)
Na' -1st Na' -2nd Mg?* -2nd
M12/2 77.97 34.60 /
M6/2 79.08 33.43 /
M3/2 70.03 28.41 16.45
M3/8 67.91 28.22 16.77

membranes (M3/2, M3/8), more than 25 % of the ions can permeate
with only one water molecule removed. This indicates that highly dense
membranes impose stricter dehydration requirements for ion transport.

Fig. 8(b) further examines the second hydration shell, revealing a
similar trend that highly dense membranes require the removal of more
outer shell water molecules for successful ion permeation. This com-
bined dehydration constraint suggests that the narrowest bottlenecks in
highly dense membranes compel ions to simultaneously strip both the
first and second hydration shells, significantly increasing trans-
membrane resistance. In contrast, the looser structure of less dense
membranes substantially reduces this resistance.

In summary, ion transport resistance is primarily governed by the
degree of hydration compatibility at the narrowest pore regions. This
finding provides direct insights into optimizing pore uniformity to bal-
ance membrane selectivity and permeability.

4. Conclusion

In this work, MD simulations clarify the mechanism by which
monomer concentrations regulate the structure and separation proper-
ties of polyamide nanofiltration membranes. It is demonstrated that
monomer concentration not only directly governs the thickness and
DNC of the PA membrane but also profoundly shapes its morphological
characteristics by modulating the delicate kinetic interplay between the
diffusion of the two monomers during interfacial polymerization. While
a relatively higher PIP concentration tends to establish a broader po-
tential reaction zone via deeper diffusion, the concentration and distri-
bution of TMC ultimately dictate the effective utilization of this zone and
the actual depth of reaction. Specifically, insufficient TMC in the deeper
organic phase can cause diffused PIP to return towards the interface,
resulting in a narrower reaction zone and a thinner membrane.
Conversely, an appropriate TMC concentration that aligns with the PIP
diffusion front promotes PIP reaction further into the organic phase,
leading to membrane thickening. However, an excessively high TMC
concentration, particularly if it establishes a steep concentration
gradient at the interface, can lead to rapid formation of a dense inter-
facial layer, thereby restricting further PIP penetration and the expan-
sion of the reaction zone, ultimately also resulting in a thinner
membrane. Furthermore, regardless of the membrane thickness, an
elevated PIP concentration tends to yield a more compact membrane
structure.

Membranes with high cross-linking and density, which is formed in
the molar ratio of PIP/TMC at 6/2, exhibit superior salt rejection, 65 %
Na™ and 94.2 % Mg rejection, at the cost of reduced water permeance,
around 100 LMHB. Less dense structures, which is formed in the case of
M3/8, offer higher flux but lower ion rejection. Ion dehydration and the
compensatory role of pore-wall interactions are shown to be key factors
in modulating ion transport resistance. Overall, achieving a proper
balance of monomer concentrations can realize membranes with opti-
mized structure and efficient separation performance. These insights
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provide valuable theoretical support for the design and optimization of
advanced nanofiltration membranes.

Furthermore, future research should also address the exothermic
effects of interfacial polymerization, a factor commonly overlooked in
current simulation studies. These thermal effects are complex and not
yet fully understood, but they are increasingly recognized as a signifi-
cant factor influencing polyamide membrane morphology [63,64].
Developing simulation methods capable of capturing polymerization
exothermicity, coupled with expanding simulation scales as computa-
tional capabilities advance, will be crucial for a deeper understanding of
the interfacial polymerization process.
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