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o Atomic modelling of crosslinked poly-
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ARTICLE INFO ABSTRACT
Keywords: Since the water permeation mechanisms of polyamide membranes are highly dependent on the micro-structure
Polyamide of polyamide membranes, a deeper understanding of the formation process of them is necessary for the opti-
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mization of the membrane performance. As most simulation works construct the polyamide membranes in an
ideal way, the interfacial diffusion of monomers, which is crucial for the formation of polyamide membranes, is
usually ignored. To address this issue, we mimic the experimental conditions to develop an atomic model of a
highly crosslinked polyamide membrane by conducting molecular dynamics simulations. Via tuning the con-
centration and molar ratio of monomers, the diffusion of monomers and its influence on the subsequent reaction
are altered, and the final membrane structure consequently changed. Simulation results reveal that increasing the
trimesoyl chloride concentration results in thicker membranes with a reduced specific surface area and conse-
quently decreased water permeance. On the other hand, increasing the m-phenylenediamine concentration will
accelerate the reaction rate and reduce the final crosslinking degree. A deeper understanding of the mechanism
of polyamide-membrane formation is unveiled in this work, which can aid in the design of high-performance
polyamide membranes in the future.
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1. Introduction

Due to the rapid global population growth, the scarcity of freshwater
resources has become a pressing issue, with approximately one-third of
the world’s population already facing water shortage [1]. To address
this, the most promising solution is the use of desalination technologies
to extract freshwater from seawater [2]. The use of reverse osmosis (RO)
technology has become increasingly popular in the current market for
the purpose of obtaining fresh water from seawater or wastewater. RO
membranes, as the core of this technology, directly determine the RO
performance, including salt rejection and water permeance [3,4]. The
salt rejection rate of RO membranes available on the market is usually
more than 99 %, meeting the requirements of freshwater. However, the
water permeance of RO is not satisfactory due to the rapidly-increasing
demand of freshwater. As a result, researchers are actively exploring
ways to develop high-permeance RO membranes without sacrificing the
ion rejection, as enhanced water—solute selectivity rather than enhanced
water permeability has impact on the efficiency of desalination pro-
cesses [5]. The current RO membrane is mainly composed of three
layers, namely highly-cross-linked aromatic polyamide (PA) selective
layer, polysulfone support layer, and non-woven fabric layers. The PA
layer plays a significant role in separation and is the main source of
transport resistance of water molecules, therefore, the permeability of
such layer is mostly focused by researchers [6,7].

The most proposed strategy of promoting the permeance of PA layer
is reducing its thickness [8], which is proportional to the transport
resistance [9,10]. Besides, preparing mixed-matrix PA membranes is an
alternative strategy. By incorporating nanoparticles into PA membranes,
the permeability is evidently promoted [11-13]. In order to further
promote the permeability of PA layers, it is essential to figure out the
permeance mechanism of water molecules through them from the
microscopic level.

Molecular dynamics (MD) simulation, which is a powerful tool to
observe the molecular motion, is usually applied to investigate the
transport mechanism of PA RO membranes [14-16]. The influence of
pressure drops and crosslinking degrees on the permeance of pure water
through PA membranes has been investigated by He et al. [17]. Our
group also investigated the influence of hydrophilicity on the perme-
ability based on the analysis of transport resistance [18]. The transport
mechanism of mixed-matrix membranes was further investigated [19]
and several mechanisms of permeability promotion were proposed
[20-23]. Furthermore, the anti-fouling ability of PA membranes was
also investigated by MD simulations [24,25].

However, the above simulations also reveal that the water per-
meance is highly dependent on the microscopic structure of PA.
Therefore, the construction mechanism of the membrane is emergently
desired before figuring out the approach of promoting permeability of
PA layer. Recently, various methods have been proposed for construct-
ing PA membranes [17]. Ding et al. [26] utilized MD simulations to
randomly add a certain number of MPD into a simulation box containing
multiple PA linear chains. After undergoing a period of simulation, a
manual polymer crosslinking process was carried out. Harder et al. [27]
used the “de novo crosslinking” dynamic polymerization method to
establish the molecular model of the PA film, where trimesoyl chloride
(TMC) and m-phenylenediamine (MPD) molecules were randomly
placed into a cubic simulation box. When two monomer molecules were
in proximity, they were considered to have reached the reaction con-
ditions, and an amide bond was formed between them to replace the
original acyl chloride group and amino group. Based on these methods,
Freger et al. [28] improved the construction method of the PA mem-
branes by replacing the cubic box with a rectangular simulation box that
takes into account the two-dimensional nature of the membrane, and by
adopting different polymerization standards at different reaction stages.
Vickers et al. [29] also followed the approach of Harder et al. but
dispersed TMC and MPD in n-hexane molecules for crosslinking to make
the simulation more comparable to experiments. These works succeeded
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in constructing the highly crosslinked PA membranes for further
investigation.

On the other hand, the operational conditions of interfacial poly-
merization (IP), e.g. the concentrations of monomers, are mostly con-
cerned for experimental researchers, as they usually determine the
performance of prepared membranes via inducing the distinct micro-
structures. The much excessive MPD (MPD/TMC molar ratio ranging
from 4:1 to 100:1) was usually applied in experiments as the experi-
mental researchers believed that the excessive MPD would enhance the
diffusion of MPD and consequently help for the interfacial polymeriza-
tion [30]. By the technique of electrospray, Chowdhury et al., prepared
the ultra-thin PA membranes but at the MPD/TMC molar ratio as low as
4:1 [31]. Therefore, the diffusion of monomers, especially the interfacial
one, will significantly influence the micro-structure of PA membranes as
well as their permeance and desalination performance.

Summarizing the above MD simulation work, it is found that the PA
membrane models were mostly constructed in a vacuum or single sol-
vent, disregarding the impact of two immiscible solvents and their
interface on the diffusion of the two monomers. Consequently, the built
PA membranes are somehow idealized compared to the experimental
ones. In order to unravel the interfacial polymerization for PA mem-
brane formation, the simulation of interfacial polymerization process on
PA in dual-solvent conditions is urgent to be built up.

In practical experiments, the formation of the PA RO membrane
occurs at the interface of the aqueous and oil phases through the free
diffusion of MPD and TMC dispersed in their respective solvents
[32-34]. To accurately observe the reaction process, we employed the
dual-phase interfacial polymerization (IP) simulation method, which
mimics the experimental procedure. Two types of solvents, water and n-
hexane, are constructed, with MPD and TMC dissolved in each solvent,
respectively. Once one TMC contact a MPD, the reaction between them
will occur by forming amide bond between the groups of -COCl and
-NH2 from TMC and MPD, respectively. By analyzing the changes in
crosslinking degree over reaction time, the relationship of membrane
formation with concentration and molar ratio of monomers is revealed.
The key of preparing the ultrathin PA membranes can also be uncovered
in this work.

2. Simulation details
2.1. Construction of PA membranes in solvent environment

Commercial reverse osmosis (RO) membranes are commonly syn-
thesized by IP of TMC and MPD [35]. However, due to the highly cross-
linked molecular structure of the resulting PA selective layer, its accu-
rate molecular structure is not easy to be observed directly through
experimental characterizations. Therefore, a molecular simulation
method was employed to establish molecular configuration and the re-
action process of IP was monitored as well.

The initial molecular structure of each case was constructed by
software of moltemplate [36], in which all molecules of monomers were
kept as its own molecular structure, rather than the simplified mono-
mers which were employed in most published work of PA formation in
vacuum condition [9,37]. In most experiments, it is common to use a 2
wt% MPD concentration and a 0.2 wt% TMC concentration for IP re-
action. Therefore, for the sake of consistency and comparability, our
primary focus was on the results obtained with a 2 wt% MPD concen-
tration. However, the concentrations of TMC are based on the specific
molar ratios, which is listed in Table 1.

The monomers were randomly filled separately into two solutions
according to the concentrations listed in Table 1, resulting in two parts:
(1) the oil phase containing TMC and n-hexane; (2) the aqueous phase
containing MPD and water. Graphene plates were placed at both ends of
simulation box in the Z direction, and a pressure of 1 bar, toward to the
center of simulation box, was applied onto them. Hence, two solution
parts contacted together due to the existence of pressure on graphene
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Table 1
The molar ratios, concentrations, and the number of monomers in the simulation
for the various cases.

Case Name Molar Ratio Concentration (wt%) Monomer Number
MPD TMC MPD TMC
2% 6:1 6:1 2.26 1.54 12 2
2% 3:1 31 2.26 3.08 12 4
2% 3:2 3:2 2.26 6.18 12 8
10 % 6:1 6:1 10.00 6.18 51 8
10 % 3:1 31 10.00 13.14 51 17
10 % 3:2 3:2 10.00 26.24 51 34

plates. After that, an NVT ensemble at 300 K for 1 ns was then carried
out to ensure the stability and rationality of the configuration. Finally,
the initial configuration for further IP reaction was established.

During the IP reaction process, all molecules, except graphene plates,
could move freely in the simulation box. We designated the carbon atom
of the acyl chloride group in TMC and the nitrogen atom of the amino
group in MPD as specific atoms for reaction. Once the distance between
these two types of atoms was less than 0.35 nm, a new amide bond was
generated [38,39], followed by the chlorine atom in that group of TMC
and the corresponding hydrogen atom in that group of MPD being
removed. The energy was then minimized for structural accuracy and
system stability. If no pair of bonding atoms was detected, an NVT
ensemble at 300 K for 0.06 ns was then carried out, and the above steps
were repeated several times. If no bonding was detected beyond 2 ns, the
reaction was considered as terminated, then the crosslinking structures
suitable for subsequent treatment process were obtained.

Since the bonding process would significantly reduce the concen-
tration of monomers in two kinds of solution, it was necessary to sup-
plement monomers after each bonding check step. The additional
monomers were introduced into the vacuum space located between the
solution and the graphene plates. The number of monomer supple-
mentation was determined by the solution concentration, which was
kept as the initial one before reaction occurred. By this approach, the
concentrations of TMC and MPD in each solution were consistently
maintained. The snapshots generated during the simulation run are
depicted in Fig. 1.

2.2. Subsequent treatment process of crosslinking structures

After the above steps, the crosslinking structures were obtained with
the existence of water, n-hexane and unreacted monomer molecules, as
well as some oligomers. In experiments, the curing and washing of

Crosslinking structures
Oligomer

TMC Piston

Oil phase

Fig. 1. The snapshot simulated IP reaction. The constituents of the simulation
system have been denoted.
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crosslinking structures after IP are always required to obtain the final
membrane. To simulate this process, we followed the experimental
method and carried out the following steps: (1) we removed the solvent
molecules together with the unreacted monomers in the solvent, but
retained the monomer molecules and oligomers adsorbed on the cross-
linking structures; (2) we raised the reaction temperature up to 350 K.
The higher temperature promoted the thermal motion of atoms and
consequently increased the opportunity for specific groups to contact
and react. Like the experimental one, such ‘curing’ would further pro-
motes the compactness of crosslinking structures. Since it was easier for
the reaction to occur at higher temperature, the time threshold for
detection the pair of bonding atoms was set to 0.01 ns.

After that, oligomers with atom numbers less than 200 were all
removed to simulate the washing process in experiments. Such a step
also ensured that the membrane would not be damaged in high-pressure
water flow, as small oligomers existing in PA membranes would be
flushed away during the permeance test simulations. Finally, we per-
formed the artificial hydrolysis procedure to replace all unreacted acyl
chloride groups with carboxyl groups.

Six cases, listed in Table 1, were selected with various concentrations
and molar ratios, and the case names will be abbreviated according to
Table 1. The simulation for each case was performed itself without
additional artificial intervention. When the simulation was accom-
plished, we got a loose dry model of PA. Afterward, the dry PA mem-
branes were hydrated by inserting water molecules into them to
expedite the hydration process, as well as placing two water reservoirs
next to their surfaces. In order to push the water molecules into dry PA
films, two movable graphene plates were added outside the water res-
ervoirs as piston plates, and an external force, equivalent tol bar, was
applied on each atom of the two piston plates. We conducted a 10 ns
equilibration MD simulation to ensure an adequate number of water
molecules had entered the membrane, and the system had reached a
stable state at the end of simulations. The hydrated PA membranes were
ready for permeance and ion rejection test in non-equilibrium molecular
dynamics (NEMD) simulations.

2.3. Molecular interactions and other simulation details

All simulations, including those of simulated IP, curing and mem-
brane hydration, were performed using the Large-scale Atomic/Molec-
ular Massively Parallel Simulator (LAMMPS) package [40]. The General
Amber Force Field 2 (GAFF2) [41], which is widely adopted by many
researchers for similar simulations, was used for the n-hexane, TMC and
MPD. The partial charge values for each atom were obtained from the
work of Gu et al. [24]. The standard SPC/E [42] model was employed for
water molecules. To reduce high-frequency vibrations and simulation
time, the SHAKE algorithm was used to constrain the bonds and angles
of the water molecules. The Lorentz-Berthelot mixing rule was applied
to all pair-wise Lennard-Jones terms, and the cut-off distances of the
Lennard-Jones potentials were set to 1.5 nm. In order to reduce the in-
fluence of graphene plates on IP, the ¢ value of atoms in graphene plates
with all other atoms was reduced to 1 % of original those, and the cut-off
was set to 1.0 nm. Coulombic interactions were calculated using the
particle-particle particle-mesh method (PPPM).

Three-dimensional periodic boundary conditions (PBC) were
applied. The motion equation of particles was calculated using the leap-
frog algorithm, with a time step of 1 fs. A Nose-Hoover style thermostat
or barostat was used to maintain temperature and pressure, respectively.
The canonical ensemble (NVT) was employed in most simulations
including the reaction one [43]. The dimensions of the simulation box
were Ly = Ly = 5.1 nm. Since molecules needed to be added in the Z
direction, the size of the box was set large enough to avoid the in-
teractions between the graphene plates.

The methods of NEMD simulations were similar to our previous work
[44], one water reservoir with Na™ and Cl~ ions was placed at the left
side of hydrated PA membranes acting as feed side, and a pure water
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reservoir was placed at right side acting the permeance side. We
generated a pressure drop (AP) across the membrane by applying
external forces to water molecules within a selected 1 nm-wide region.
The external forces were applied along the Z-axis and were determined
using the formula f = APA/n, where A is the cross-sectional area of the
membrane, and n is the total number of water molecules in the chosen
region. The selected AP value for the NEMD simulations was set at 300
MPa, significantly higher than experimental values. This deliberate
choice of a high AP was made to maintain a high signal-to-noise ratio,
which is a common practice for controlling simulation time within
reasonable scales. The system’s temperature was held constant at 300 K.
Temperature calculations were adjusted by subtracting the center-of-
mass velocity of water molecules. The NEMD simulations ran for a
total of 40 ns, employing a time step of 1 fs. The initial 10 ns allowed the
simulation to reach a steady state, while the remaining 30 ns were
reserved for further analysis. The analysis of various membrane pa-
rameters and performance is included in the supplementary material.

3. Results and discussions
3.1. Performance of obtained PA membranes

Since the permeance and rejection performance of PA membranes
are the most concerns for every researcher of RO membrane, we mea-
sure the permeance of our obtained PA membranes, which are plotted in
Fig. 2a. For those six various cases, the permeance ranges from 9.38 to
200.79 L/(m? h bar) (LMHB). For the studies of RO membrane, there’s a
common standpoint that water permeance is directly related to mem-
brane thickness. To understand the distinct permeance in wide range,
we calculate the average membrane thicknesses for each case, which are
shown in Fig. 2b. By comparing Fig. 2a and Fig. 2b, there is a common
rule that thicker membranes have lower permeance as expected. How-
ever, the range of thicknesses locates from 1.7 to 3.2 nm. Such range
cannot support the large gap of permeance. It is necessary to analyze the
molecular details of each membrane.

From the experimental characterization of PA-membrane surfaces,
they are hardly uniformly flat. Therefore, the average thickness cannot
represent the molecular structure of PA membranes. Then, we conduct
an analysis of thickness distribution in this research. Fig. 3 reveals that
the 2 % 6:1 case and the 10 % 3:2 case shared a common characteristic in
terms of thickness. Both cases exhibited relatively thin regions (blue)
within the membrane and the thickness even drops to zero in some
areas. This suggests that structural damage is responsible for the
considerable increase in permeance for these two cases. The reduced
rejection (around 60 %) to NaCl of these membranes could also support
for this damage as other membranes exhibit NaCl rejections as high as
100 %, indicating their integrated and damage-free structure. If we
carefully compare the permeance and average thickness results, it is
found that the 2 % 3:1 case has thinner thickness with 10 % 3:1 case, but
its permeance is much lower than the one of 10 % 3:1. It implies that
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more structural details should be revealed. As suggested by Culp et al.
[45] and McCutcheon et al. [46], the PA density rather than thickness
are the most important factor for determining the water permeance of
PA RO membranes. Hence, we also plot the XY-plane maps of density for
all membranes in Fig. S1. It is evident that the density distributions are
similar to those of thickness. The membrane damage can also be found in
the cases of 2 % 6:1 and 10 % 3:2.

We then turn to measure the membrane’s porosity and specific sur-
face area. As shown in Fig. 4, the trend of these two measurements ex-
hibits a high degree of similarity, where high-permeance membranes
had greater specific surface areas and porosities. Larger specific surface
area and higher porosity indicate that there will be more surface area
available for the contact of water molecules if the mass of membranes is
the same.

From the above discussions, the distinct reaction conditions, e.g.,
molar ratio and monomer concentration, have a significant impact on
the structure of PA membranes. Since the molecular structure of PA
membranes results from the IP reactions, we will focus on how the IP
reaction process affects the final membrane structure in the discussion
below. Given that the construction of PA membranes involves two
distinct processes, IP reaction and subsequent post-treatment process,
we will discuss them separately.

3.2. The diffusion process of monomers in solvents

Since the reaction between two types of monomers occurs very
rapidly, the current methods for synthesizing PA membranes are
adjusting liquid-phase reactions primarily by controlling the diffusion of
monomers. Therefore, we firstly investigate the diffusion performance
of the two monomers, TMC and MPD in n-hexane and water, respec-
tively. By performing equilibrium MD simulations, the self-diffusion
coefficient of TMC in n-hexane is found to be 1.27 x 10~° m?/s, while
MPD in water has a self-diffusion coefficient of 1.09 x 10~° m?/s. This
confirms that TMC diffuses more rapidly in the oil phase compared to
MPD in the aqueous phase.

It is generally considered that the IP reactions occur at the side of oil
phase with MPD diffusing from aqueous to the oil phase. Thus, MPD
must overcome diffusion resistance not only in the oil phase but also at
the aqueous-oil interface. Together with the lower self-diffusion coeffi-
cient, there is a significant concentration distinction between the MPD
and the TMC in experimental IP processes. In most experiments, the
calculated molar ratio is usually much larger than the stoichiometric
ratio of 3:2. Karan et al. proposed that they could use lower MPD con-
centrations to obtain PA membranes with a thickness below 10 nm [47].
Such phenomenon indicates that lowering MPD concentration (or molar
ratio) can effectively reduce PA membrane thickness and consequently
enhance its permeance. However, that article does not clarify the impact
of diffusion on membrane performance due to the limitations of exper-
imental methods. We believe that all adjustments to the conditions of
the IP process are microscopically influencing the diffusion process of
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monomers. Therefore, it is crucial to investigate the diffusion process
during the IP process to understand its influence on membrane
performance.

A non-reactive diffusion-only model is then performed. In this model,
12 MPD molecules were randomly dispersed in the aqueous solvent,
while 8 TMC were randomly distributed in the oil phase solvent, then an
equilibrium MD simulation is carried out.

During the initial stage of the simulation (0.2 ns), TMC diffuse to the
interface and remain there, while MPD manages to cross the interface
into the oil phase and contact with TMC. Some MPD molecules stay at
the interface due to the presence of TMC, while others continue to
diffuse deeper into the oil phase. After that, MPD molecules that have
penetrated deeper into the oil phase gradually return to the interface
because they are attracted by the accumulation of TMC near the inter-
face (3 ns). Ultimately, both types of monomers predominantly gathered
at the interface, leaning toward the oil phase (6 ns).

The non-reactive diffusion-only simulation demonstrates that the IP
process involves the diffusion of MPD into n-hexane and its subsequent
reaction with the TMC at interface, resulting in the formation of a
crosslinking structure. It can be concluded that the IP reaction occurs on
the oil-phase side of the interface region, rather than both sides of the
interface.

For the cases of 2 % concentration, the risen molar ratio (6,1) will

lead to a large amount of MPD diffusing into oil phase and reach a deep
position in oil position. However, they will diffuse back to the interfacial
region due to its interaction with TMC, which has already accumulated
at the interfacial region (shown in Fig. S2a). Such phenomenon also
occurs when the concentration reaches to 10 %. However, the diffusion
back of MPD to the interfacial region are restricted due to the extremely
large amount of them near there (shown in Fig. S2c).

If we compare the diffusion results between various molar ratios and
concentrations, it is evidently that the final state of all non-reaction
diffusion looks similar. Only non-reaction diffusion procedure cannot
illustrate the variation of microscopic details of membranes. The
investigation of coupling of reaction and diffusion is needed.

3.3. Process of IP reactions in solvent environment

3.3.1. Various stages of IP process

After performing the non-reactive model, we then turn to the reac-
tion process. Firstly, the density distributions of monomers, oligomers,
and crosslinking structures along the normal direction of interface are
calculated (shown in Fig. 6). It should be mentioned that the oligomers
are defined as the post-reaction molecules with atom number less than
200, while the crosslinking structures are those with larger atom
numbers. Taking the case of 2 % 3:2 as example, four various stages of IP
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process, 1/4, 1/2, 3/4 and the end of reaction, are selected. It is evident
that the density of crosslinking structure is promoted with the progres-
sion of the reaction. This increase will certainly slow down the mobility
of monomers and eventually hinder the further IP process. These ob-
servations illustrate the inherent self-limiting reaction characteristics of
IP process. The existence of abundant unreacted MPD and TMC at each
of crosslinking structure further confirms the self-limiting reaction as
MPD and TMC cannot contact due to the existence of the crosslinking
structure.

It is worthy to not that the reaction is semi-self-limiting because the
crosslinking structure does not fully cover the interfacial regions [48].
There is some damage for the penetration of MPD into oil phase as
discussed below.

In the end of IP process, all systems exhibited self-limiting behavior
irrespective of the molar ratio or the concentration. To gain insights into
how the IP reaction proceeds, the formation of chemical bonds during
the reaction is then focused on. Given that PA membranes are highly
crosslinked, we calculate the evolution of crosslinking degree as the IP
reaction progressed. The determination of the crosslinking degree relies
on the fraction of the maximum theoretical amide bonds formed [29]. As
indicated in Fig. 7, the crosslinking degrees in all cases experienced a
rapid increase in the beginning of IP reactions, followed by occasional
decreases. Notably, the 10 % concentration cases exhibit a higher
increasing rate of crosslinking degrees compared to the 2 % cases.
However, once stabilization was reached, the crosslinking degree of the
10 % cases generally fell below that of the 2 % cases. Since the cross-
linking process seem distinct for the cases of 2 % concentration with
those of 10 %. Such process should be discussed one by one.

3.3.2. The cases of 2 % concentration

For the cases of 2 % concentration, there’s a relatively lower content
of TMC in cases when molar ratio is high. Due to the relatively larger
quantity of MPD, these TMC can attract MPD to form a molecular
structure of three MPD surrounding TMC. As the molar ratio approaches
3:2, TMC content increases. In this condition, not all TMC are sur-
rounded by three MPD, leaving unreacted acyl-chloride groups in TMC.
The more unreacted acyl-chloride groups crosslinking structures have,
the lower final degree of crosslinking they exhibit. Therefore, the final
degree of crosslinking slightly drops from 0.89 to 0.85 when the molar
ratio decreases from 6:1 to 3:2.

Unlike many solvent-free simulation studies, this work involves the
free diffusion of monomers in two solvents. This diffusion process un-
doubtedly affects the final structure of the PA membranes. As discussed
above, MPD diffuses slowly than TMC. Experimental setups often
employ MPD aqueous solutions with concentrations significantly higher
than that of TMC or utilize additives to facilitate the interfacial diffusion
of MPD.

When molar ratio become high (6,1), many MPD will penetrate
deeper into oil solvent without contacting TMC (shown in Fig. S2a and
Fig. S3a). These MPD are often attracted back to the interface due to the
accumulation of TMC at the interface (as illustrated in Fig. 5). Such
phenomenon results in thinner PA membranes. When molar ratio is
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reduced to 3:2, indicating the probability of MPD encountering TMC
becomes higher and consequently forms oligomers at the position far
away from the interface. Since the mobility of oligomers is evidently
lower than the one of MPD, the pulling back of oligomers to interface
rarely occurs, resulting in the higher density (shown in Fig. 8) at deeper
positions in the oil phase. The snail-paced oligomers will further contact
with TMC and form the crosslinking structures, resulting in the thicker
PA membranes.

As discussed above, the higher molar ratio will result in thinner PA
membranes. However, such high molar ration will lead to an excessive
accumulation of MPD at the interface, due to the insufficient TMC for
crosslinking. It might result in an incomplete PA membrane. In the case
of high molar ratio, 6:1, the membrane damage occurs, leading to the
drop of ion-rejection performance (shown in Fig. 2a).

3.3.3. The cases of 10 % concentration

Due to the higher concentration of MPD (10 %), compared to the case
of the same molar ratio, the pulling-back chances of MPD are mainly
diminished (shown in Fig. S2c). Moreover, the concentration of TMC is
also risen, indicating the large amount of TMC in oil phase and conse-
quently leading to the higher opportunity for MPD to react with TMC
(shown in Fig. S3c). Most oligomers can hardly diffuse back to the
interfacial region and then crosslinking with each other, leading to a
relatively thicker membrane. As shown in Fig. 2b, the thickness of 10 %
6:1 is higher than that of 2 % 6:1 while there is a thicker membrane of
10 % 3:1 compared to the 2 % 3:1 case.

For cases with the same TMC concentration (10 %), a higher molar
ratio leads to a reduction in membrane thickness like the cases of 2 %
TMC concentration. However, there is an exception, the membrane
thickness of 10 % 3:2 case is obviously lower than the other two. The
accelerated diffusion caused by excessive concentration of both of two
types of monomers leads to a rapid aggregation of monomers at the
interface. Consequently, this leads to rapid self-restriction in the inter-
facial region, isolating the diffusion of monomers and hindering the
subsequent self-repair process of the membrane, resulting in a decrease
in membrane thickness. The existence of oligomers inside the PA
membranes after IP reactions will induce the membrane damage if they
cannot combine with crosslinking structures during the post-reaction
process, which will be discussed in the coming section. The pro-
nounced damage results in the diminished retention capability, and
consequently a notable increase in water flux and a distinct drop in ion
rejection.

3.4. Subsequent treatment process of PA film

In practical operation, to eliminate residual substances and further
enhance the membrane’s performance to meet the ultimate utilization
objectives, a series of post-treatment steps are usually applied in the
experimental method.

Post-reaction of the PA membranes after IP reaction is essential for
membrane optimization [49]. Post-reaction curing helps with further
crosslinking through additional reactions and increases packing density,

T™C 0.2 ns 3ns 6 ns

0.3{— mpPD
g aqueous oil
> 0.2
£
2
8 0.1

0.0 /\

0 2 4 6 8 2 4 6 8 2 4 6 8
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Fig. 5. Density distribution profiles of monomers at distinct simulation time.
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leading to densification of the PA selective layer, which has a significant
impact on membrane performance [50]. Numerous studies indicate that
curing is a vital factor in stabilizing and enhancing the PA layer. Curing
through heat treatment enhances the diffusion rate of the MPD, thereby
increasing their availability in the reaction zone and improving the re-
action rate. This results in the formation of a thick PA layer, while

assisting in shrinking the pores of the substrate membrane, thereby
improving the salt rejection [51,52].

During the heat treatment process, the remaining MPD molecules
further diffuse into the reaction zone and actively participate in the
polymerization process, not the interfacial reaction anymore due to the
absence of solvent. The enhanced diffusivity of MPD leads to the further
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Fig. 10. The atomic mass distribution maps of crosslinking structures (left) and
oligomers (right) for two membranes of 2 % 6:1 (upper) and 10 % 3:2 (lower).

crosslinking process. Upon completing the heat treatment, an analysis is
conducted by categorizing molecules into four primary components:
crosslinking structures, oligomers, TMC and MPD (shown in Fig. 9 and
Fig. S4). Prior to heat treatment, a substantial quantity of monomers and
oligomers remained attached to the membrane’s surface. After heat
treatment, there is a notable density reduction of oligomers and mono-
mers, while the density and width of the larger polymer structures in-
crease significantly. This indicates the promotion of crosslinking
degrees, which contribute to a further enhancement of membrane
densification and an increase in its thickness. The multifaceted impact of
heat treatment on the membrane’s microstructure and performance is
thus underscored.

However, even after heat treatment, 2 % 6:1 and 10 % 3:2 cases still
exhibit thinner regions and structural defects. Therefore, the density
distribution maps of the two cases are then investigated. As depicted in
Fig. 10, the crosslinking structures do not fully cover the entire area,
leaving extensive blank spaces. These voids are in accord with the dis-
tribution of oligomers, indicating the voids are filled by oligomers.

To further illustrate this phenomenon, VMD snapshots of MD simu-
lations are plotted in Fig. 11. It is observed that both cases have indi-
vidual oligomers spanning the entire membrane. Since all monomers
and oligomers are removed during the washing process (after the curing
process), the remained voids cannot be repaired by the final membrane-

Fig. 11. Snapshots of the two cases, 2 % 6:1, 10 % 3:2. The crosslinking structures are represented in red, and the oligomers are represented in green.
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pressing step. In contrast, the other four PA membranes have no oligo-
mers spanning the PA membranes. Moreover, due to their higher
membrane thickness, they are better equipped to repair any tiny voids
during membrane pressing in NEMD simulations. Hence, these four PA
membranes exhibit the fully rejection performance to NaCl (shown in
Fig. 2a).

4. Conclusion

This study delves into the dependence of PA-membrane performance
on the IP reactions via MD simulations. Thanks to the MD simulations,
the details of formation of PA membranes are revealed. For all cases, the
self-restricting IP reactions are observed. Once the crosslinking struc-
tures, as well as oligomers, form at the interface of two solvents, the
penetration of MPD from the aqueous to the oil phase will be hindered. If
the crosslinking structures and oligomers occupy the whole interfacial
region, the MPD penetrate will stop and the further IP reaction will
terminate. As the IP condition changes, e.g. various molar ratio of two
types of monomers (MPD and TMC) as well as their initial concentra-
tions in solvents (water and n-hexane, respectively), the obtained PA
membranes have distinct molecular structures with various thickness,
porosities and specific surface areas, and consequently exhibit various
permeance and rejection performance. When large molar ratio, e.g.
MPD/TMC = 6:1, is applied, the MPD firstly penetrate deep into the oil
phase because of the large concentration gradient, but rarely contact
with TMC for IP reaction because of the relatively fewer TMC in the oil
phase. Those MPD will be pulled back to the interface for the IP reaction.
Such pulling back process will result in a thinner PA membrane (1.7
nm), which has promoted permeance (51.16 LMHB). However, the
extremely thin PA membrane will occasionally lead to the membrane
damage, which will of course reduce the NaCl-rejection performance.
When the molar ratio is as low as 3:2, the mobile MPD will react with
TMC to form oligomers deep within the oil phase, and the snail-paced
oligomers will further react with MPD and TMC to form crosslinking
structure at the position deep within the oil phase. This consequently
results in the thicker PA membranes with lower permeance (9.38
LMHB). The higher concentrations of both types of monomers will
certainly raise the contact and reaction opportunity of TMC and MPD in
the oil phase, resulting in a thicker PA membrane. However, the exis-
tence of spanning oligomers in PA membranes should be focused on
because they will induce the membrane damage during the rinsing
process. In this study, we provide a thorough understanding of the
crucial diffusion and reaction steps involved in the preparation of PA
membranes. By fine-tuning performance at the microscopic level,
effective optimization of membrane flux and structure can be achieved.
This offers valuable insights into the design and fabrication of high-
performance PA membranes. Furthermore, the method applied in this
work can be extended to the investigation of the impact of temperature,
support, etc., on the formation of PA membranes. Once these findings
are confirmed by the experiments, this offers valuable insights into the
design and fabrication of high-performance PA membranes.
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