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3D-printing is an emerging method for manufacturing polyamide (PA) reserve osmosis (RO) membranes for
water treatment and desalination, which can precisely control membrane structural properties, such as thickness,
roughness, and resolution. However, the synthesis-structure (i.e., degree of cross-linking (DC), m-phenylenedi-
amine/trimesoyl chloride (MPD/TMC) ratio, and membrane thickness) to property (permeability and water-salt
selectivity) relationships for these membranes has not been well understood. At the same time, a microscopic
understanding of the physical mechanism of water and salt transport is needed to guide the design of high-
performance 3D-printed membranes and improve the printing efficiency. Thus, the atomic-scale transport fea-
tures and energetics of water and salt ions are studied at high pressure for the 3D-printed PA RO membranes with
the different DCs and MPD/TMC ratios through non-equilibrium molecular dynamics (NEMD) simulations.
Factoring in membrane structure properties, rejection ratio of salt ions and pressure-dependent water flux, 3D-
printed PA membranes having an MPD/TMC ratio of 3.0:2.0 and a DC between 80%~90% attains ideal per-
formance: high water flux, high rejection of salt ions, and excellent structural integrity. Mechanistically, water
permeability for highly cross-linked PA RO membranes depends on the temporary on-and-off channels that allow
water molecules to jump from one cavity to another at high pressure. In addition, higher pressures cause rapid
compaction of PA membranes’ free volume and membrane thickness. Membrane failure at high pressure is
determined by the DC and MPD/TMC ratios-dependent compressive yield strength. In short, these findings
provide physical insights for optimizing existing PA membranes and designing next-generation desalination
membranes at the molecular level.

solution while TMC is prepared in the organic solvent, and polymeri-
zation occurs at the interface of the mixtures, as these two phases are
immiscible. IP can generate a TFC layer that is dense enough to separate

1. Introduction

Desalination is a critical technology for augmenting the water supply
in many regions of the planet with limited access to freshwater [1-3].
Currently, the industry-standard process for desalination is
pressure-driven reverse osmosis (RO) [4-6], where saline water is
driven through a membrane with very high salt rejection. The
industry-leading RO membrane consists of a thin-film composite (TFC)
selective layer [7], which is supported by a polysulfone structure layer.
Specifically, the TFC layer is a polyamide (PA) formed via the cross-
linking of m-phenylenediamine (MPD) and trimesoyl chloride (TMC)
[8]. In industry and most research laboratories, this is accomplished via
interfacial polymerization (IP), where MPD is prepared in an aqueous

salt ions but thin enough to allow water to permeate at reasonable rates
[9]. Research to improve RO membranes is primarily focused on
increasing selectivity without sacrificing permeability [10-12]. As a
result of their outstanding performance in this regard, PA RO mem-
branes formed via IP have been the gold standard in the desalination
industry for decades.

Still, IP faces certain inherent limitations. Namely, the reaction is
self-terminated so uncontrolled film growth can result in membranes
with undesired thickness and rough surface morphology [13-16]. The
properties of the support-layer surface can also lead to inconsistent
polymerization behavior, with undesirable consequences to membrane
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Abbreviations
PA Polyamide
RO Reverse osmosis

MPD m-phenylenediamine
TMC Trimesoyl chloride

NEMD  Non-equilibrium molecular dynamics
LJ Lennard-Jones

DC Degree of cross-linking

PSD Pore size distribution

TFC Thin-film composite

performance [17,18]. Furthermore, film roughness can exacerbate
fouling, resulting in significant performance and operational costs for
desalination [19]. Several microscopic studies have further found that
the PA RO membranes formed via IP have heterogeneous atomic com-
positions, cross-linking densities, and microstructures along the thick-
ness direction [20-24].

Various manufacturing techniques have emerged to overcome these
challenges in PA membranes. For instance, Gu et al. [25] and Karan et al.
[26] fabricated layered PA membranes with homogenous composition
and structure throughout the membrane by using the molecular
layer-by-layer (mLbL) assembled approach. However, the latter was
demonstrated for organic solvent nanofiltration rather than desalina-
tion. Perreault et al. functionalized graphene oxide nanosheets to PA RO
membranes for antimicrobial properties to reduce fouling [27]. Most
promisingly, Chowdhury et al. developed a 3D printing method for PA
RO membranes using electrospray as an alternative to IP [28]. The
electrospray method deposits MPD and TMC as nanoscale droplets while
allowing for homogeneous membrane polymerization that is more
scalable than other methods [29]. Compared with conventional
manufacturing approaches, such as interfacial polymerization, the sig-
nificant progress for 3D printing techniques toward greater scalability,
better material processability, higher speed, and improved resolution
have been explored in the formation of specifically designed PA mem-
branes as they are compatible with common membrane materials [30].

With the enhanced tunability offered by 3D printing method, there is
of increased importance to understand how membrane chemical
composition should be tuned for ideal membrane performance (high
permeability and selectivity) and the structural reasons for this. For
example, many experimental protocols use a ratio of 4:1 of MPD/TMC
for forming the PA layer [28,31-33], but the stoichiometry of the
polymerization reaction requires a ratio of 3:2. The impact of having an
excess of MPD or TMC should thus be examined. Additionally, it is un-
derstood that membranes must reach a certain degree of crosslinking
(DC) such that they are dense enough to be selective against salt
[34-37]. However, it is unclear the optimal DC for high selectivity
without sacrificing significant water permeability. Overall, experimen-
tally capturing the internal structure and dynamics of water and solutes
is difficult, which has made a fundamental understanding of optimized
membrane transport elusive [38].

Molecular dynamics (MD) simulation is a powerful method to
elucidate the microstructural characteristics of membranes and the
mechanistic impacts of synthesis conditions on transport properties [39,
40]. The first challenge in simulating pressure-driven RO desalination is
generating a realistic MD model of the PA membrane. The PA membrane
must be accurately crosslinked and hydrated [41]. Many researchers
have then used MD to simulate pressure-driven RO desalination and
understand the dynamics of water and solutes through PA membranes
[42-44]. Nevertheless, many of these studies have failed to arrive at
realistic atomic compositions and DCs. Additionally, as viewed through
the pore size distribution, many structures were inconsistent with one
another. Zhang et al. improved upon the existing methods by developing
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a repeatable and realistic MD model for PA membranes, which can
reproduce the atomic composition, structure, and properties of dry and
hydrated PA RO membranes in experiments [45]. Furthermore, their
flexible method allowed them to tune the MPD/TMC ratio of the
membrane during in silico fabrication. The authors further studied water
transport dynamics and membrane swelling properties with their real-
istic membrane models. Still, many aspects of the composition-property
relationships of PA membranes remain underexplored. For example, no
studies have considered more extensive ranges of MPD/TMC ratios (such
as those used in many experimental protocols), and DC has not been
systematically varied to determine the ideal cutoff. These
property-optimized compositions should then be explained through
more a comprehensive structural analysis of the membrane. Finally,
with increased interests in high-pressure RO [46-48], it is essential to
determine the mechanical strength and effects of applied pressure on
structural characteristics for various chemical compositions of PA
membranes.

In this work, we use non-equilibrium MD (NEMD) to elucidate the
composition-property relationships of PA RO membranes, inter-
mediated by detailed microstructural analysis. We generate realistic dry
and hydrated in silico membranes to model the 3D-printed PA mem-
branes, based on the procedure implemented by Zhang et al. [45]. We
systemically vary both the MPD/TMC ratio from 1:4, 1:1, 3:2 to 4:1 and
the DC in the range of 40-96%. We find that an MPD/TMC ratio of 3:2 is
ideal, as any stoichiometric excess of molecules can result in a less
unimodal pore-size distribution, which compromises selectivity and
mechanical strength under high pressure. We also determine that
80-90% DC achieves total salt rejection in our MD simulation timescale,
with high water permeability. These findings are further explained via
structural and dynamic matrices, such as water flux, salt rejection,
microstructure, dynamics behavior of water and salt ions, which is an
essential benchmark for assessing the quality of PA membrane fabrica-
tion. Interestingly, we notice a significant membrane contraction by
simulating desalination at high pressures, which indicates that mem-
brane compaction is also an important element affecting membrane
properties during pressurized membrane processes [47]. With growing
alternatives to IP of PA RO membranes that offer unprecedented
tunability [29,49], such as 3D-printing and mLbL assembly, our study
provides a fundamental structural explanation of how composition im-
pacts water and salt transport of PA membranes. Practically, we deter-
mine the optimal membrane composition for the fabrication and
manufacturing of these membranes, which can serve as an impactful
quality-control standard.

2. Computational model and methods
2.1. Atomic models for PA RO membranes

3D-printing method, as shown in Fig. 1(a), is experimentally
revealed to produce the PA membranes using electrospraying [28]. The
rotating drum is located on the ground and connected to the two sepa-
rate needles for this technique. One needle spurts the TMC solution, and
the other extrudes the MPD solution. TMC monomers are in hexane
solution, and MPD monomers are in the water. During the printing
process, MPD and TMC monomers were held at a given molar ratio. As
monomer solutions flowed from the needle tips, they sprayed and
deposited onto the collector surface and randomly reacted upon contact
with each other. The needle stage traverses along the collector surface to
ensure the solutions cover the whole substrate. Next, the 3D-printing
process was performed until the desired PA membrane thickness was
obtained.

It can be found that 3D-printing process also includes the IP process.
Even though these manufacturing methods include the IP process, their
manufacturing procedures essentially show significant differences. For
TFC membranes experimentally fabricated by the IP method [51], two
reactive monomers conduct the polymerization reaction at the interface
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Fig. 1. (a) The side and top view of a schematic of the electrospray process used to fabricate the 3D-printed membranes [28]. (b) PA membrane models with four
MPD/TMC ratios, 1.0:1.0, 1.0:4.0, 3.0:2.0 and 4.0:1.0, when polymerization reactions reach 100%, 100%, 90%, and 100% conversion, respectively. (c) Chemical
structure of MPD, TMC monomers, and the cross-linking reaction process. (d) MD simulations setup visualized by VMD [50], showing the placement of PA membrane
(yellow) with a thickness of 5 nm between two graphene sheet pistons (orange). To improve the visibility of salt ions (e.g., sodium and chloride ions), water
molecules are visualized as a light-blue transparent surface. In addition, a small number of atoms (highlighted in blue) located at the permeate side are fixed to mimic
the attachment on a substrate. Hydraulic pressure (P1) is applied to the left graphene sheet during the simulation, and standard atmosphere pressure (P2) is exerted
on the right graphene sheet. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

between two immiscible solvents. These reactants are composed of TMC
and MPD monomers, dissolved in organic solvent and aqueous solution,
respectively. A microporous supporting, typically polysulfone, is located
at the aqueous MPD solution. Then the supporting film is pushed into
contact with the organic TMC solution. The MPD component diffuses
into the organic solvent, but the TMC monomers are insoluble in water
and stay in the organic solvent. As a result, the polymerization reaction
performs in the organic solvent at and near the interface between the
two solvents. The reaction is self-limiting because the forming PA be-
comes an obstacle to the intermixing of the reactants.

Compared with the two manufacturing procedures, we can find that
3D-printing can give more homogeneous reactive sites throughout the

whole membrane. However, IP only allows the reaction at the interface
between MPD and TMC monomer layers, leading to more inhomoge-
neous reactive sites. Our 3D-printing simulation models would like to
present these unique features in this study. Additionally, to guide the
3D-printing and improve the printing efficiency, it is crucial to under-
stand how some structural factors, such as DCs and MPD/TMC ratios,
influence the performance of 3D-printed membranes.

To mimic the experimental 3D-printing process, we computationally
generate a crosslinked polymeric PA RO membrane using a multi-step
cross-linking procedure [52]. Experimentally, solvent molecules
should flow out into the solutions during experimental treatment [53].
Therefore, explicit solvent molecules should not significantly affect the
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properties of the resulting PA membrane. However, additional in-
teractions between solvents and membranes, which may slow down the
diffusion of monomers, could lead to a very slow polymerization reac-
tion and increase the computational cost dramatically. Therefore,
polymerization reaction simulations were carried out in a vacuum
without explicit water and other solvent molecules to reduce the
computational cost. Taking the example of PA membrane with 90% DC
and MPD/TMC ratio of 3.0:2.0, reactive atoms are first assigned to MPD
and TMC monomers, as shown in Fig. 1(c). Then employing a
cross-section size of 5 nm x 5 nm and a target density of 1.20 g cm ™5,
300 MPD and 200 TMC monomers are packed into a 3D-periodic
amorphous cell in which TMC and MPD monomers can move
randomly in the simulation box. There are 600 potential reaction sites
(two for each MPD monomer and three for each TMC monomer). Next,
geometry optimization and 5 annealing cycles are exerted for the packed
system with periodic boundary conditions in the x and y directions but
for a vacuum in the z-direction.

Notably, the multi-step cross-linking procedure used in 3D-printing

is similar to those used in other preparation techniques, such as inter-
facial polymerization (IP) and molecular layer by layer (mLBL). How-
ever, 3D-printing leads to a significant difference in that the cross-
linking reactions are available throughout the whole membranes
instead of across the interfacial regions for the interfacial polymerized
PA membranes. The optimized structure is then cross-linked under the
canonical (NVT) ensemble with an initial cutoff distance of 4.5 A. Co-
valent bonds are created between reactive atoms of acyl carbon and
amino nitrogen within the cutoff distance, and the cross-linked network
is relaxed under the isothermal-isobaric (NPT) ensemble for 500 ps to
update the configuration state. After that, the next cross-linking step
continues with an increasing cutoff distance of 0.5 A until the DC rea-
ches 90%. Besides, at each cross-linking step, the DC is also calculated.
The DC is defined as the percent as follows: DC (%) = 100*
(number of the formed C —
N bonds /number of the possible C — N bonds). After the cross-
linking stops, the final DC can be obtained. When the final DC is satis-
fied, the cross-linking process stops further bond breaking and forma-
tion, eventually building up a polymeric membrane [54]. Partial charges
are updated to follow the charge-neutrality and force field assignments.
Geometry optimization and 40 annealing cycles are performed for the
generated cross-linked polymer, and the optimized cross-linked polymer
membrane is used for subsequent calculations.

2.2. Hydration and desalination membrane model

The standard approach for the hydration model [55,56] is to directly
fill water molecules into the PA membrane to match an experimental
water content of 23 wt% [57], where water molecules are also artifi-
cially inserted into the inaccessible voids of PA membrane. Here an
alternative is to drive the hydration process in equilibrium MD simula-
tions using physical PA-water interaction. Before driving the hydration
process, a 50 A by 50 A graphene sheet piston using its two-dimensional
hexagonal lattice unit-cell at each end is placed to confine the reservoir.
The left side, namely the feed reservoir, is 6 nm away from the PA
membrane. The right side, namely permeate reservoir, is 3 nm away
from the PA membrane. Then water molecules are randomly packed into
the available volume field of the simulation box with a water density of
1.0 g em 2. In the end, the produced structure was equilibrated under
the NVT ensemble long enough for hydration [40]. As shown in Fig. 1
(d), the desalination model is developed by adding the salt ions based on
the hydration model. The salinity in the feed reservoir is close to that of
typical brine water (~4 M) [58], and the permeate reservoir only con-
tained pure water. Then a long enough simulation time is performed to
equilibrate the altered structure under the NVT ensemble for the desa-
lination model. Details of the MD simulations are shown in the next part.
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2.3. Model systems for MD simulations

The focused PA RO membrane systems mainly consist of different
DCs and MPD/TMC ratios. Seven models with the same MPD/TMC ratio
of 3.0:2.0 but different DCs were prepared, including 40%, 50%, 60%,
70%, 80%, 90% and 96%. The number of the MPD and TMC monomers
were 300 and 200, respectively, homologous with the MPD/TMC ratio
of 3.0:2.0. The targeted DC is implemented by governing the percent of
reactive atoms on monomers. As shown in Fig. 1(b), another four models
with different MPD/TMC ratios were numerically generated, including
1.0:1.0, 1.0:4.0, 3.0:2.0, and 4.0:1.0. The numbers of MPD and TMC
monomers were 250 and 250, 100 and 400, 300 and 200, and 400 and
100 in the main cells, which correspond to the MPD/TMC ratios 1.0:1.0,
1.0:4.0, 3.0:2.0, and 4.0:1.0, respectively. The main cell for all the
different MPD/TMC ratios and DCs is a cubic unit cell with an approx-
imate length of 50 A. The unit cell size and total monomer numbers were
employed according to a previous theoretical study on the MPD/TMC
ratio of 1.0:1.0 [59]. These PA membrane models are used for per-
forming the RO process by assembling water molecules, salt ions, and
graphene sheet pistons. Besides, taking membrane with 90% DC and
MPD/TMC ratio of 3.0:2.0 as an example, three independent models are
conducted to eliminate the statistical randomness.

2.4. NEMD simulations for RO desalination through PA membrane

Setting up for all-atom MD simulations of water and salt ions trans-
port through PA membrane is shown in Fig. 1(d), following our previous
study [60]. The initial system is set as a cuboid box with 140 A in the
z-direction and 50 A by 50 A in the x and y directions. Two graphene
sheets are used for pistons and are located at z = 0 and 140 A. PA
membrane with a thickness of 50 A is initially placed at z = 60-110 A.
Water molecules, or water molecules and salt ions, are then packed into
the simulation box. The number of water molecules is consistent with
water density, 1.0 g cm >, and the number of salt ions is only packed
into the feed reservoir (0 < z < 60.0 ;\), which corresponds to a salinity
of 40.0 g L1, close to the 38.6 g L™! of typical brine water. Notably, a
fraction of atoms (highlighted by blue) of the PA membrane located at
the permeated side is randomly selected and fixed to mimic the
attachment on a substrate (polysulfone support layer). This can ensure a
more natural response of the PA membrane to match the pressure and
flow conditions [44,61,62]. Studies have indicated that fixing some
membrane atoms may slightly impact the transport flux but no impact
on the transport mechanism [63]. Periodic boundary conditions are only
applied in the x and y directions.

Any interatomic interactions involving water molecules, graphene,
PA membrane, and salt ions are defined by polymer consistent force field
(PCFF) [64-66]. PCFF is a second-generation force field and is param-
eterized for organic compounds, such as C, H, O, N, P, S, halogen atoms,
and ions, which have been widely used to describe the cohesive en-
ergies, compressibilities, mechanical properties, elastic constants, and
so on. Non-bonded interactions are characterized by both LJ and
Coulomb potentials:

9 6
Ojj Ojj
Unonbonded - 8{/’ 2 ( ) 3 ( -
Ty Tij

where ry; is the distance between atoms i and j, &;; represents the depth of
the LJ potential well between atoms i and j, o represent the distance at
which the LJ potential is the minimum between atoms i and j, and q; and
gj are the partial charges on atoms i and j, respectively. C is a unit
conversion factor and ¢ is a relative dielectric constant. The potential
interactions between different atoms are calculated using the six-power
combination rules [67]: & = /& (2r{?{rg)/(f§ +r§) and o5 =

1 .. .
(68 + 63)6 /26. van der Waals and electrostatic interactions are truncated

+ 1% @
Erjj

smoothly with a cutoff of 10.0 A. Particle-particle particle-mesh
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(PPPM) solver with a force tolerance of 10~* is used to calculate the
long-range electrostatic interactions.

Employing the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) package [68], all MD simulations are performed
using the velocity-Verlet algorithm’s integration method and a time step
of 1.0 fs. In the equilibrium stage, first, energy minimization is carried
out on the entire system to achieve a stable initial configuration. Next,
the atmospheric pressure of 0.1 MPa is imposed on the graphene sheets.
A long simulation time of 20 ns is performed for MD simulation under
the NVT ensemble at 300K, which ensures the solutions and PA mem-
brane fully equilibrate to obtain the stable hydration or desalination
membrane model. PA membrane performance indexes, such as density,
membrane microstructure, and local structure, are analyzed during
equilibrium simulation.

Concerning the non-equilibrium simulation of pure and brine water,
0.1 MPa (standard atmosphere) and an initial simulation time 2 ns are
first exerted to the graphene sheets to allow the solutions and PA
membrane to equilibrate under the NVT ensemble at 300 K fully. And
then, a higher pressure (AP = 30, 60, 90, 120, or 150 MPa) is applied to
the left graphene piston on the feed side while keeping the right gra-
phene piston at 0.1 MPa under the NVT ensemble at 300 K. Compared
with the typical PA RO membrane processes, these higher pressures can
facilitate the well-converged statistics within a reasonable time scale
[69-71]. Besides, Gaussian velocity distribution is used for initializing
the initial temperature-consistent of molecules, and a Nosé-Hoover
thermostat [72,73] is employed to maintain the system at 300 K under
the NVT ensemble. Simulations are carried out for 70 ns, and results are
shown in Section 3. During these non-equilibrium simulations, perfor-
mance metrics, such as water flux, membrane density, membrane
microstructure, and water accessible volume distribution of the hy-
drated PA membranes, are calculated for a pure water system. Perfor-
mance metrics such as water flux, rejection of salt ions, density
distribution, and dynamic behaviors of salt ions are also monitored for
the brine water system.

3. Results and discussion

3.1. Atomic-scale structural clarification for PA membrane with different
DCs

To characterize the effect of DC on PA membrane structure, we
analyze the membrane composition, density of the hydrated PA mem-
brane as well as its two components (water and PA membrane), and pore
size distribution after membrane models are sufficiently equilibrated
and hydrated. Table 1 shows the atomic compositions in molar per-
centage, DCs, and densities of PA membrane with the MPD/TMC ratio of
3.0:2.0 at different DCs. As the DC increases from 40.07% to 96.26%, the
percentage composition of carbon (C), nitrogen (N), oxygen (O in
carbonyl group) also increase from 62.756% to 74.132%, 11.596%—
12.407%, and 4.658%-11.973%, respectively. However, the percentage
composition of the carboxyl group (-COOH) decreases from 20.990% to
1.489%. This is because more acyl carbon and amino nitrogen atoms
induce the crosslinking reaction (Fig. 1(c)), accompanied by decreasing
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—COOH groups and the increasing carbonyl groups (-C=0). Compared
with the membrane having 96.26% DC and MPD/TMC ratio of 3.0:2.0,
results are overall consistent with the experimental measurements using
Rutherford backscattering spectrometry (RBS) by Coronell et al. [20].
Densities for different DC membranes in Table 1 are also both in good
agreement with the experimental value of 1.22-1.28 g cm > for PA thin
films [26] and the other computing result of 1.25 g cm 3 [43,45,74].
Thus, the compositions in Table 1 can provide a guidance to design the
PA membrane by tuning the oxygen content and DC at the molecular
level.

For the local density, the simulation box is separated into serval slabs
with a thickness of 2 A along the z-direction. The local density of water,
PA membrane, and the hydrated PA membrane are calculated based on
the local slab volume. Fig. 2(a) shows the local density profiles of the
hydrated PA membrane as well as the two components, water and PA
membrane. Density profiles show that membranes are roughly divided
into three regions. First is the confined layer, corresponding to the
densest membrane, i.e., between z = 80-115 A. Second is the transition
layer, or the interfacial layer between the membrane and water reser-
voirs, corresponding to low-density and looser membrane structures, i.
e., between z = 69-80 A, and z = 115-126 A. The last is bulk water layer,
i.e., between z = 8-69 [o\, and z = 126-157 A. Notably, the transition
layer is caused by the cross-linking reaction, which is different from the
swelling caused by hydration in systems of linear polymer chains [75].
Water density is about 0.99 g cm™ in the bulk water layer, which is in
well accordance with the bulk water density at room temperature [76].
An average density of 1.32 g cm ™ (0.27 g cm > for water and 1.05 g
cm 3 for PA membrane) is identified for the hydrated PA membrane
within the confined layer, which is in line with the experimental mea-
surement of 1.30 + 0.1 g cm > for the commercial FT-30 membrane
having a water content of 23 wt% [77-79]. Besides, we observe that as
the DC decreases, more unreacted MPD or TMC monomers break away
from the membrane and reside in the bulk water, consistent with pre-
vious experimental observations [80-82].

In addition to membrane composition and density, MD simulations
also provide a direct way to analyze the membrane pore size at the
atomic scale. The pore size is quantified by PSD, capturing PA mem-
brane’s microstructure. PSD is calculated by using PoreBlazer [83] with
a probe diameter, 2.8 A (Coulombic diameter of one water molecule),
which is a reasonable size estimation for water molecule [84,85]
interacting with polar atoms. Based on the equilibrium simulation over
20 ns, the last six configurations are chosen to analyze the PSD of PA
membrane. The final PSD curve is obtained by averaging the six values.
PSD is calculated from the confined region and half of the transition
region in the membrane. Fig. 2(b) shows PSD curves for the PA mem-
brane with seven different DCs. Videos of the membrane microstructure
at 0.1 MPa over 20 ns are available as supplementary material (V1-V4)
to display the pore space distribution more clearly. Results show that PA
membranes with different DCs show a pronounced difference in PSD
curves with pores ranging from 2.5-20 A, and the pore size is more
homogeneous with the increasing DC as the cross-linking reaction can
arise through the whole membrane. Importantly, PSD curves tend to
move towards the left with the increasing DC. As the DC increases from

Table 1
Atomic composition, DCs, and density of PA RO membranes formed with different DC. For comparison, the experimental result is also displayed [20,31].
MPD/TMC Ratio Atomic Composition DCs (%) Density (g cm™%)
C% N% 0% COOH%
Simulation 3.0:2.0 62.76 11.60 4.66 20.99 40.07 1.24
64.70 11.74 5.91 17.66 50.21 1.25
66.65 11.87 7.16 14.31 60.18 1.24
68.66 12.02 8.45 10.88 70.16 1.25
70.71 12.16 9.771 7.36 80.13 1.23
72.77 12.31 11.10 3.82 89.94 1.23
74.13 12.41 11.97 1.49 96.26 1.22
Experiment 3.9:1.0 71.60-74.20 12.40-13.10 13.00-14.20 0.41-0.71 94.10-96.20 1.22-1.28
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40% to 96%, peaks in PSD curves show a significant shift from 0.14 to
0.32. Meanwhile, pore sizes corresponding to the peaks have an evident
decrease from 4.625 to 3.625 A, which shows a downward trend for the
formed network pores but are still larger than the diameter of the water
molecule. Besides, the PA membrane has more pores with greater di-
ameters when DC is below 60%, which reveals looser geometric

characteristics. The increased large pores may indicate the presence of
aggregate pores, which is in virtue of the open spaces existing in be-
tween polymer aggregates [86]. Similarly, PA membrane with DC above
60% only has network pores, corresponding to more pores with smaller
diameters and denser geometric features. These findings in Fig. 2(b)
indicate that PA membrane pore size can be tuned by governing the DC.
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Fig. 3. The percolated water-accessible free volume distribution for the hydrated PA membranes with DC of (a) 40%, (c) 60%, (e) 80% and (g) 96% over 70ns. Each
color represents a 1.0 A thick plane at a different depth along z-direction. The accumulated water-accessible free space over 70 ns for PA membrane with DC of (b)
40%, (d) 60%, (f) 80% and (h) 96% at z = OL/4 A, 1L/4 ;\, 2L/4 A, 3L/4 A and 4L/4 A. The color denotes the depth in the z direction. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)



J. He et al.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.memsci.2022.120731

Additionally, we also evaluate the water diffusivity through the
membranes using the water molecules’ mean square displacements
(MSDs) [87]. As shown in Figs. S1(a—f), for each membrane, water
diffusion in the bulk water region is slightly higher than that in the
transition region, but both of them are higher than that in the confined
region. Increasing DCs don’t affect water diffusivity in the bulk water
region and transition region, but they result in a slight decrease in the
confined region.

3.2. Effect of DC on dynamic behaviors of the permeated water molecules

Membrane with different DCs can lead to different pore sizes,
confirmed by the PSD curves in Fig. 2(b), and can be further charac-
terized in the matter of the size and connectivity of the accessible water
space, or free volume space within the membrane. These different pore
sizes may dramatically affect water transport benefits. Membrane pore
structure is then studied by analyzing the percolated water-accessible
volume space by using a probe diameter of 2.8 A (Coulombic diameter
of one water molecule). Fig. 3(a, c, e, g) shows the percolated water-
accessible free volume distribution for the hydrated PA membrane
with different DCs at 150 MPa over 70 ns. Here, in clarity, we only
display the membrane having the DC of 40%, 60%, 80%, and 96%. A
video of the percolated water-accessible volume at 150 MPa viewed as
shown in Fig. 3(a, c, e, g) over 70 ns is available as supplementary
material (V5-V8) to more clearly demonstrate the size and connectivity
of the accessible water space. The gradient colors (from blue to red)
represent the membrane thickness along z-direction. The colored area
shows the percolated volume spaces that allow water molecules to pass
through the membrane. The “pore” used in this study is not the pore flow
model’s pore features but the water-accessible space in the membrane.
Results indicate that the total percolated free volume is noticeable
different, when membrane DC changes from 40% to 96%. The uncon-
nected percolated water-accessible volume decreases as the DC de-
creases, and more connected percolated water-accessible volume space
is visible.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.memsci.2022.120731

To further demonstrate the relevance between water transport and
the percolated water-accessible free volume, we analyze the dynamic
pore dimensions when water molecules traverse through the membrane
within the percolated free volume. The dynamic pore dimensions are
caused as a result of thermal vibrations and collisions between mem-
branes and water molecules, which can be described by an accumulated
free volume over a long time. Fig. 3(b, d, f, h) shows that the percolated
water-accessible free volume accumulated over 70 ns within the mem-
brane region at z = OL/4 A, 1L/4 A, 2L/4 A, 3L/4 A, and 4L/4 A. The
accumulated free volume percolated in the z-direction is a significant
difference for membrane having different DCs at the same position and
the same DC at different positions. We find that the membrane with a
lower DC has more accumulated free volume and can allow more water
molecules to pass through the membrane.

Moreover, on one side, other previous studies indicated that the
percolated free volume is directly related to the permeability coefficient,
K, which is used to describe the water transport passing through the
membrane [55]. The low DC membrane has a more percolated free
volume for water transport. On the other side, by observing Fig. 3(a-h),
water molecules passing through the membrane are more likely through
both the continuum channels and the temporary on-and-off channels
jumping from one pore to another for membranes having the lower DC.
While it is more pronounced in the temporary on-and-off channels
jumping from one cavity to another for membranes with the higher DC.
These findings also verify a recent study [45] that water transport for the
highly cross-linked membrane is solution-diffusion rather than the
pore-flow model.

Journal of Membrane Science 658 (2022) 120731

3.3. Pressure dependence of water desalination for membranes with
different DCs

Before simulation with brine water, we first explore the pure water
transport through PA membrane with the DC ranging from 40% to 96%
at different pressure (from 30 MPa to 150 MPa, Fig. S2(a-b)). Results
show that, besides 40% DC at both 120 MPa and 150 MPa and 50% DC at
150 MPa, water flux is almost linearly increased with the increasing
pressure for membrane with the same DC. However, water flux de-
creases with the increasing DCs under the same pressure. In addition, the
calculated water flux is mostly linearly increasing with pressure and
intersects the flux axis at the origin due to the zero osmotic pressure,
which also agrees with the ideal pure water flux-pressure curve. In
contrast, experiments revealed that the macroscale water flux at the
pressure of 4.1 MPa is between 2.4 x 10 °m s ' and 9.8 x 10 °m s}
for a typical commercial RO membrane [88]. Water flux is expressed as,
J = — K(AP — APy) /L, where K is the permeability coefficient, L is the
membrane thickness, K/L is the permability and AP is the pressure dif-
ference applied on the membrane, and AP, is the osmotic pressure.
Water flux for membrane with the 96% DC and 50 A thickness at 150
MPa should be proportionally in the range of 0.0364-0.147 m s, and
its macroscale flux corresponding to water molecule number should be
in the range of 1.41-5.73 nm™~2 ns ™. The water flux for membrane with
96% DC at 150 MPa, is calculated as 2.55 nm 2 ns ™! (Fig. S2(b)), which
agrees with the macroscale flux range well. Besides, similar comparisons
with other experiments and simulation for the macroscale water flux
also give a water molecule flux of 1.3-6.0 nm 2ns ! [86,89], and 1.7 to
6.9 nm 2 ns~! [55] changed into the same condition as this study,
respectively, which are also consistent with the calculated water mole-
cule flux here. Therefore, the calculated water flux (Fig. S2(b)) in pure
water demonstrates that our simulation model and timescale are
reasonable.

To evaluate the pressure-driven transport with brine water, we
monitor the number of the permeated water molecules, water flux,
rejection rate of salt ions, salt ions dynamics behavior, density, and PSD
for membrane with different DCs at high pressure. Fig. 4(a) displays that
water transported through PA membrane with the DC changing from
40% to 96% at 30-150 MPa with the brine water, in the matter of the
number of water molecules passing through the membrane as a function
of time. Membranes have 40% DC at 120 MPa and 150 MPa, and 50% DC
at 150 MPa are destroyed. In addition to this, after about 5 ns, as ex-
pected, water molecules permeate almost linearly with time. There was
a rapid rise of the permeated numbers at the beginning 5 ns along with a
thickness reduction of around 5-10%, indicating that some water mol-
ecules are squeezed out into the permeated side along with the
compaction of PA membranes. Analogous situations are also observed
for the other membranes. In addition, the permeated water molecules
increase with increasing pressure at the same DC and show a decreasing
trend as the increasing DC at the same pressure. Based on the slope of the
linear regime in Fig. 4(a) and the cross-sectional area of the membrane,
we calculate the water flux, in terms of the number of water molecules
passing through the membrane with different DC per unit area per unit
time as a function of pressure, shown in Fig. 4(b). Water flux has a
positive association with the increasing pressure for membrane with the
same DC and a negative correlation with increasing DC for membrane
supporting the same pressure, both of which are similar to that of pure
water transport (Fig. S2(a-b)). Through a comparative analysis of Fig. 4
(a-b) and Fig. S2(a-b), for the membrane having the same DC under
same applied pressure, both the number of water molecules passing
through the membrane and water flux with brine water is relatively
smaller than that with pure water, which indicate that salt ions can
hinder water molecules from passing through the PA membrane.

Next, our interest is the salt ions transport within the membrane.
Fig. 5 shows the rejection ratio of salt ions as a function of pressure for
membrane with the DC ranging from 40%~96% at different pressure
(from 30 MPa to 150 MPa). Rejection ratio is defined as the percentage
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Fig. 5. Rejection of salt ions as a function of pressure for PA RO membranes
with different DCs (from 40% to 96%).

of the number of salt ions not passing through the membrane to the total
salt ions number. Results show that when DC is larger than or equal to
60%, the membrane can entirely reject salt ions at any pressure within
our MD simulation timescale. Conversely, some salt ions can pass
through the PA membrane, and the rejection rate of salt ions decreases
with the increasing pressure, especially in the high-pressure regime.
These findings can be further demonstrated by density profiles of salt

ions (Na* and Cl™, Fig. S3(a-n)) along z-direction before the trans-
membrane pressure is applied (0 ns), and 70 ns after a 150 MPa pressure
is applied to the left graphene. More than that, we examine the dynamics
of essential salt ions (Fig. S4(a-w)) for membrane with different DCs at
150 MPa. When DC is above 60%, all salt ions usually spend most of
their time hovering at the bulk water and stay at membrane-water
interfacial region for a while. Besides, when DC drops to 60%, a few
salt ions are penetrated into the dense membrane region, holding at a
specific position and still not passing through the membrane. However,
some salt ions can pass through the membrane having a DC below 60%
following the continuum-like water channels (Fig. 3). Beyond that, we
also monitor the dynamics of some key water molecules (Figs. S5(a-w))
for PA membranes with different DCs at 150 MPa. Water transport for
highly cross-linked membranes mainly depends on the jumping trans-
port at high pressure, and transport time through the membrane in-
creases with the increasing DC.

Furthermore, we explore the structural characteristics of the PA
membrane with different DCs at high pressure. Fig. 6 plots the PSD as a
function of pore diameter for membrane with different DCs at different
pressures. Interestingly, we observed that when DC is above 50%, the
applied pressure, especially in the high-pressure regime, causes a rapid
contraction of the free volume and membrane thickness, which agrees
with the recent experimental investigation on the thin film composite
RO membrane [90]. Besides, by analyzing the density profiles of the
membrane with the DC ranging from 40% to 96% at different pressures
(from 30 MPa to 150 MPa, Fig. S6), it can be found that more unreacted
monomers are gradually driven out of the membrane surface and move
into the bulk water as either the DC decreases at the same pressure or the
pressure increases at the same DC. In particular, PA membranes with
40% and 50% DCs exhibit the inhomogeneous structural features.

3.4. Effect of MPD/TMC ratio on PA membrane microstructure

To illustrate the effect of MPD/TMC ratio on membrane structure at
atomic level, four MPD/TMC ratios, 1.0:1.0, 1.0:4.0, 3.0:2.0 and 4.0:1.0,
are used for membrane models. Membrane composition, the density of
the hydrated membranes and its two components (water and PA
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Fig. 6. Pore size distribution for PA RO membranes with the DC ranging from 40% to 96%, under different pressures (from 30 MPa to 150 MPa).

membrane), the spatial distribution of benzene rings, and PSD, are used
to evaluate membranes’ structural properties. Table 2 shows the DCs,
density, composition ratios of the C, O, N, and ~-COOH group for PA
membrane with four MPD/TMC ratios, 1.0:1.0, 1.0:4.0, 3.0:2.0, and
4.0:1.0, and the corresponding experimental measurements. The total
number of MPD and TMC monomers is 500 for each of the four MPD/
TMC ratios. As the number of MPD increases from 1.0:4.0 to 1.0:1.0 to
3.0:2.0 to 4.0:1.0, the percentage composition of C and N increase, the
—COOH groups decrease, and the O content first increases and then
decreases, which is due to both the different monomer numbers and
reactive sites between MPD and TMC monomers. In addition, compo-
sition ratios for membrane with the MPD/TMC ratio 3.0:2.0 are well
agreement with the corresponding measurements by RBS due to the
similar DC [20]. MPD/TMC ratio of 1.0:4.0 has the lowest DC due to the
least MPD monomers leading to the least reactive sites. Also, although
the MPD/TMC ratio of 4.0:1.0 has the least TMC monomers, DC is higher
than that of 1.0:4.0 as a result of more reactive sites consisting of TMC
monomers. A higher DC can be achieved for MPD/TMC ratios of 3.0:2.0
and 1.0:1.0 due to the comparable reactive sites existing in MPD and
TMC monomers. Densities for membranes with MPD/TMC ratio of
1.0:1.0 and 3.0:2.0 have no obvious difference and is in the range of
1.16-1.30 g cm ™ in Table 2, which agrees with both the measurements
0f 1.22-1.28 g cm ™2 and other MD simulation results of 1.25 g cm ™ [34,
43,91]. However, due to more unreacted TMC monomers having the
higher density of 1.487 g cm™>, the PA membrane with an MPD/TMC
ratio of 1.0:4.0 has a higher density. Similarly, more unreactive MPD

Table 2
Atomic composition, DCs, and density of PA RO membranes fabricated with
experimental measurement is also displayed [20,31].

monomers with the lower density of 1.14 g cm ™ lead to a lower density
for the PA membrane with MPD/TMC ratio of 4.0:1.0.

In addition, local membrane structure is characterized by the in-
teractions between residual benzene groups. Studies have shown that
the bonded and non-bonded interactions that are n-n stacking con-
straining the interactions between benzene groups [92]. To describe the
stacking modes of benzenes for PA membranes with different MPD/TMC
ratios, the order parameter [93,94], S(r), is first investigated. S(r) is
described by S(r) = < (3cos?(4(r)) — 1)/2 >, where r is the radial
distance, 6(r) is the angle defined by the normal vectors of benzene rings
at r (see Fig. 7(a)). Physically, S(r) close to 1 corresponds to the wholly
ordered packing, S(r) close to —0.5 represents T-shaped packing, and S
(r) close to 0 denotes a random structure. The relative local density of
benzene rings is described by the radial distribution G(r), expressed as
G(r) = p(r)/pur> Where p(r) is the benzene density at the location of r,
and pyp is the bulk density. G(r) close to O suggests the absence of
benzene rings. When r is large enough, G(r) is close to 1. Fig. 7(b-c)
respectively show the order parameter, S(r), and relative local density,
G(r), of benzene rings as a function of the radial distance for PA mem-
brane with four MPD/TMC ratios. The nearest radial distance is about 6
A for MPD/TMC ratio 1.0:1.0 and 4.0:1.0, and 4 A for MPD/TMC ratio
1.0:4.0 and 3.0:2.0. Within the radial distance of 16 A, the order pa-
rameters, S(r), are approximately three types, including —0.3, 0 and 0.3
(1.0:1.0), —0.4, 0 and 0.6 (1.0:4.0), —0.4, 0 and 0.6 (3.0:2.0), —0.2,
0 and 0.2 (4.0:1.0) for membranes with the four MPD/TMC ratios, which
indicate that MPD/TMC ratio can determine the spatial arrangement

four MPD/TMC ratios, 1.0:1.0, 1.0:4.0, 3.0:2.0 and 4.0:1.0. For comparison, the

MPD/TMC Ratio Atomic Composition DCs (%) Density (g cm™%)
C% N% 0% COOH% Simulation Ideal
Simulation 1.0:1.0 64.98 9.99 9.97 15.05 100.00 100.00 1.24
1.0:4.0 50.00 2.94 2.94 44.12 100.00 100.00 1.28
3.0:2.0 69.86 13.70 12.33 4.11 90.00 100.00 1.26
4.0:1.0 73.17 19.51 7.32 0.00 100.00 100.00 1.17
Experiment 3.9:1.0 71.60-74.20 12.40-13.10 13.00-14.20 0.41-0.71 94.10-96.20 100.00 1.22-1.28
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Fig. 7. (a) Definition for the local structure of PA membrane. (b) Benzene rings’ order parameter, S(r), and (c) density profile, G(r), as a function of radial distance, r,
for PA RO membrane with four MPD/TMC ratios, 1.0:1.0, 1.0:4.0, 3.0:2.0, and 4.0:1.0.

between MPD and TMC monomers, and leads to the diverse membrane
structures. Meanwhile, considering the density profile in Fig. 7(c) and
Fig. S7, the membranes with the four MPD/TMC ratios have an obvious
difference in benzene rings density, and return to 1 when the radial
distance is larger enough. Membranes with the MPD/TMC ratio of
1.0:4.0 and 3.0:2.0 have a higher density of benzene than that of 1.0:1.0
and 4.0:1.0. The peak densities of benzene rings along the radial dis-
tance are at 6 f\, 9Aand 13 A (1.0:1.0), at 5 A, 8 1°\, 10 A and 14 A
(1.0:4.0),at 4 A, 10 A, 12 A and 14 A (3.0:2.0), and at 7 A, 9 Aand 13 A
(4.0:1.0). Notably, factoring in the order parameter and density at the
same radial distance, it can be found that the membranes with different
MPD/TMC ratios exhibit different local structural properties.

Next, the local density profiles of the hydrated PA membrane and its
two components (water and PA membrane) are shown in Fig. 8(a). Three
regions are identified: the confined layer having the dense membrane,
the transition layer with loose structures, and the bulk water region.
Water density within the bulk water region is about 0.99 g cm™ for
membrane with each MPD/TMC ratio, matching the bulk density of

water well at room temperature. An averaged density of 1.33 g cm >

(0.25g cm ™~ for water and 1.08 g cm ™ for PA membrane) is identified
for the hydrated membrane with MPD/TMC ratio of 1.0:1.0, 3.0:2.0 and
4.0:1.0 within the confined layer, which is close to the experimental
results of 1.30 £ 0.1 g cm ™ for commercial FT-30 membrane [77-79].
However, the hydrated PA membrane with an MPD/TMC ratio of 1.0:4.0
has a slightly larger averaged density of 1.39 g cm ™2 (0.21 g ecm™° for
water and 1.18 g cm ™~ for PA membrane) due to the insufficient MPD
monomers, leading to much more unreactive TMC monomers. Besides,
some unreactive MPD or TMC monomers are driven out the membrane
surface and reside into the bulk water layer for the PA membrane with
an MPD/TMC ratio of 4.0:1.0. Correspondingly, the membrane with an
MPD/TMC ratio of 4.0:1.0 shows a looser structure than the other three
MPD/TMC ratios.

We further analyze the pore size at the atomic scale to grasp the
microstructure for PA membranes with different MPD/TMC ratios
employing PSD. Fig. 8(b) shows the averaged PSD curves for PA mem-
brane with four MPD/TMC ratios, 1.0:1.0, 1.0:4.0, 3.0:2.0 and 4.0:1.0.
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Videos of the microstructure at 0.1 MPa over 20 ns are available as
supplementary material (V9-V12) to display the pore distribution more
clearly. PSD curves remarkedly vary with different MPD/TMC ratios.
When MPD/TMC ratios change from 1.0:4.0 to 1.0:1.0 to 3.0:2.0 to
4.0:1.0, PSD shows a right shift, and the size of the formed network pores
keep unchanged, about 3.625 A, and is larger than the water molecule
diameter, 2.8 A. Besides, the aggregate pores are identified for the
membranes with different MPD/TMC ratios. Particularly, the membrane
with the MPD/TMC ratio of 4.0:1.0 has more large pores, which presents
a looser geometric feature. In addition, the PSD for membrane with an
MPD/TMC ratio of 4.0:1.0 is more heterogeneous. This is because the
membrane with an MPD/TMC ratio of 4.0:1.0 has insufficient TMC
monomers leading to more redundant MPD monomers. For membranes
with MPD/TMC ratios of 1.0:4.0 and 1.0:1.0, all MPD monomers are
reacted, and some superfluous TMC monomers are scattered in PA
membranes. The -COOH groups of TMC monomers can form hydrogen
bonds with water molecules, -COOH groups of other TMC monomers, or
the -C=0O group in the amine group. These hydrogen bonds can
strengthen the structural integrity of membranes and keep their pore
distribution stable. Membrane with MPD/TMC ratio of 3.0:2.0 has the
equivalent cross-linking sites for MPD and TMC monomers, which can
scatter through the whole membrane and lead to a more homogeneous
pore size. These findings indicate MPD/TMC ratios can govern mem-
brane pore size, and the relationship between MPD/TMC ratios and pore
size can be applied to tune and design membrane’s microstructure.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.memsci.2022.120731

Similarly, we further analyze water molecules’ MSD (Fig. S8 (1-d)) to
study the diffusivity through the membranes. Results indicate that
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membranes with different MPD/TMC ratios show similar water diffu-
sivity trends. The diffusivity is slowest in the confined region, followed
by the transition and bulk water regions. MPD/TMC ratios do not seem
to influence water diffusion in the transition and bulk water regions.
However, in the confined region, the membrane with an MPD/TMC ratio
of 4:1 has the highest water diffusivity, followed by 3:2, 1:1, and 1:4.
These findings indicate that different MPD/TMC ratios can also affect
the water diffusivity in the PA membranes.

3.5. Effect of MPD/TMC ratio on dynamic behaviors of the transported
water molecules

Different MPD/TMC ratios can lead to different pore size, reflected
by different PSD curves in Fig. 8(b). Pore size and connectivity of the
water-accessible space, or the free volume space within the membrane,
can further characterize the dynamic behavior of water transport.
Different pore sizes and connectivity can significantly affect the effi-
ciency of water transport. To evaluate the effect of MPD/TMC ratio on
water transport, employing a probe diameter of 2.8 A, the percolated
water-accessible free volume for membranes with different MPD/TMC
ratios in the hydrated state at 150 MPa over 30 ns are shown in Fig. 9(a,
c, e, g), respectively. Video of the percolated water-accessible space at
150 MPa viewed as shown in Fig. 9(a, c, e, g) over 30 ns are available as
supplementary material (V13-V16) to reveal the size and connectivity
of the water-accessible space more clearly. Gradient color changing from
blue to red denotes the membrane thickness along z-direction, and the
colored region represents the percolated volume spaces for water mol-
ecules passing through the membrane. Obviously, membrane with
MPD/TMC ratio of 4.0:1.0 has the largest free volume space, followed by

1:4

2
‘B
©
o

=32

Ratio

2L/4 3L/4 4L/4

Fig. 9. The percolated water-accessible free volume distribution for the hydrated PA membranes with MPD/TMC ratios of (a) 1.0:1.0, (c) 1.0:4.0, (e) 3.0:2.0 and (g)
4.0:1.0 over 30 ns. Each color represents a 1.0 A thick plane at a different depth along z-direction. The accumulated water-accessible free space over 30ns for PA
membrane with MPD,/TMC ratios of (b) 1.0:1.0, (d) 1.0:4.0, (f) 3.0:2.0 and (h) 4.0:1.0 at x = OL/4 A, 1L/4 A, 2L/4 A, 3L/4 A and 4L/4 A. The color displays the depth
in the z direction. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.0:2.0, 1.0:1.0, and 1.0:4.0. Both the connected and unconnected
percolated free volumes exist in the MPD/TMC ratio of 4.0:1.0, and the
unconnected percolated free volume lies in the MPD/TMC ratio of
3.0:2.0, 1.0:1.0 and 1.0:4.0.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.memsci.2022.120731

To further understand the role of connected or unconnected perco-
lated free volume in water transport, we study the dynamic pore di-
mensions characterized by the accumulated free volume space. Fig. 9(b,
d, f, h) show the accumulated percolated water-accessible volume space
atz = OL/4 A, 1L/4 A, 2L/4 A, 3L/4 A, and 4L/4 A over 30 ns. The
accumulated percolated free volume along z-direction has a notable
difference for membranes with different MPD/TMC ratios at the same z-
position. The membrane with an MPD/TMC ratio of 4.0:1.0 has the most
accumulated free volume, followed by the ratio of 3.0:2.0, 1.0:1.0, and
1.0:4.0, which are directly related to water transport benefits. As illus-
trated in Fig. 9(a-h), it can find that PA membrane with the MPD/TMC
ratio of 4.0:1.0 has both the continuum and non-continuum space,
which indicate that water molecules pass through the membrane by
continuum channels and the temporary on-and-off channels jumping
from one cavity to another. However, membranes with MPD/TMC ratios
of 3.0:2.0, 1.0:4.0, and 1.0:1.0 are more dependent on the temporary on-
and-off channels jumping from one pore to another due to the domi-
nated non-continuum space. These findings indicate that the water
transport mechanism for PA membrane with different MPD/TMC ratios
looks similar with some differences, which is also determined by the
solution-diffusion model [95,96].

3.6. Effect of MPD/TMC ratio on pressure dependence of water
desalination

Likewise, we first explore the pure water transport through the PA
membranes with four MPD/TMC ratios at different pressure (from 30 to
150 MPa, Fig. S9(a-b)). Results show that the membrane with an MPD/
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TMC ratio of 4.0:1.0 has been destroyed at 120 and 150 MPa. Beyond
that, both the permeated water molecules and water flux increase with
the increasing pressure at the same MPD/TMC ratios, and gradually
decrease as the MPD/TMC ratio changes from 1.0:4.0 to 1.0:1.0 to
3.0:2.0 to 4.0:1.0 at the same pressure. Water flux is also in accordance
with the ideal pure water flux-pressure curve.

To further explore the effect of MPD/TMC ratio on pressure-driven
water transport and salt rejection, we monitor the number of the
permeated water molecules and rejected salt ions, water flux, rejection
ratio and density profile of salt ions, and dynamic behavior of salt ions
for membranes with four MPD/TMC ratio at different pressures. Fig. 10
(a) shows the number of water molecules passing through the membrane
as a function of time for PA membranes with four MPD/TMC ratios at
different pressures from 30 to 150 MPa, and the corresponding water
flux per unit area per unit time as a function of pressure, are shown in
Fig. 10(b). The number of the penetrated water molecules is almost
linear with time after 5 ns. Membrane with the MPD/TMC ratio of
4.0:1.0 has been destroyed over 20 ns at both 120 and 150 MPa. Both the
permeated water molecules and water flux increase with the increasing
pressure for the membrane with the same MPD/TMC ratio. Under the
same pressure, the membrane with an MPD/TMC ratio of 4.0:1.0 can
permeate more water molecules and has an enormous water flux, fol-
lowed by the ratio of 3.0:2.0, 1.0:1.0, and 1.0:4.0, which agrees well
with their water-accessible space shown in Fig. 9(a-h). Comparing
Fig. S9(a-b) with Fig. 10(a-b), after the introduction of salt ions, both the
permeated water molecules and water flux are relatively smaller under
the same MPD/TMC ratio and pressure, which suggest that salt ions can
reduce the efficiency of water transport.

Returning to the salt ions transport, we first calculate the rejection
ratio as shown in Fig. 10(c) using the rejected salt ions numbers
(Fig. S10) over 30 ns for membranes with four MPD/TMC ratios at
different pressures from 30 to 150 MPa. Membranes with an MPD/TMC
ratio of 1.0:1.0, 1.0:4.0, and 3.0:2.0 can fully reject all salt ions within
our simulation timescale. However, some salt ions can pass through the
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Fig. 10. Water transport through PA RO membranes with four MPD/TMC ratios, 1.0:1.0, 1.0:4.0, 3.0:2.0, and 4.0:1.0, under high saline conditions and high
pressures (from 30 to 150 MPa). (a) Number of water molecules transported through the membrane as a function of simulation time at different pressures. (b) Water
flux and (c) rejection of salt ions as a function of pressure for PA RO membranes with four MPD/TMC ratios.
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membrane with an MPD/TMC ratio of 4.0:1.0, and both the rejected
numbers of salt ions and rejection rate decrease with the increasing
pressure, which can also be identified through the density profiles of salt
ions (Na™ and Cl, Fig. S11(a-b)) along z-direction before the pressure is
applied (0 ns), and 30 ns after a 150 MPa pressure is imposed to the left
graphene piston. These discoveries indicate that membranes with the
MPD/TMC ratios of 1.0:1.0, 1.0:4.0, and 3.0:2.0 have a better perfor-
mance than 4.0:1.0 for desalination. Next, we monitor the dynamics of
the key salt ions (Fig. S12(a-1)) for membranes with different MPD/TMC
ratios at 150 MPa. Results show that salt ions cost much time to move
back and forth within the bulk water layer, and some salt ions can
transport through the membrane along a gradient path for an MPD/TMC
ratio of 4.0:1.0.

In addition, we analyze the microstructure of PA membranes with
different MPD/TMC ratios at high pressure. Fig. 11 shows the PSD
curves relating to the pore diameter for membranes with four MPD/TMC
ratios at different pressures from 30 to 150 MPa. Obviously, as pressure
increases, the pore space shows a considerable reduction at high pres-
sure for membranes with MPD/TMC ratios of 1.0:1.0, 1.0:4.0, and
3.0:2.0, representing a compaction of the free volume and membrane
thickness. Meanwhile, observing density profiles of the membranes with
the four MPD/TMC ratios at different pressures (from 30 to 150 MPa,
Fig. §13), it can find that more unreacted monomers are flushed out of
the membrane surface and get into the bulk water for membrane with
MPD/TMC ratio of 4.0:1.0. Membranes with MPD/TMC ratios of 1.0:1.0,
1.0:4.0, and 3.0:2.0 present more compact and uniform microstructural
features than that of 4.0:1.0.

3.7. Pressure-dependent failure mechanism of PA membranes

As aforementioned, we find that PA membrane has been destroyed in
the following circumstances: 40% DC at both 120 and 150 MPa, and
50% DC at 150 MPa, MPD/TMC ratio of 4.0:1.0 at both 120 and 150
MPa. To investigate the failure mechanism of PA membranes, we further
analyze their stress-strain relationships. The initial model systems (ob-
tained from 2.1) are first equilibrated through a 21-step MD equilibra-
tion protocol [97]. Based on the final equilibrium configuration, a
simulation time of 2 ns is again carried out at 300 K and 0 MPa under the
NPT ensemble. After equilibration, compressive deformation was
implemented using the NEMD simulation. The z-dimension of the
simulation box was reduced at each simulation step to develop constant
strain rate deformation in a Noje;T ensemble, up to a maximum engi-
neering compressive strain of 30%. The simulation system maintains
zero pressure (0 MPa) along the x- and y-directions. Thus, the di-
mensions normal to the loading direction were free to change in
response to Poisson’s effect. The temperature was maintained at 300 K.
The time step was 1.0 fs, and the engineering strain rate was 108 s™1. The
stress and strain are recorded at each step. As shown in Fig. 12(a, c), we
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plot the stress-strain relationships for PA membranes with different DCs
and MPD/TMC ratios and then extract their corresponding yield
strengths, as shown in Fig. 12(b, d). Fig. 12(b) shows the compressive
yield strength as a function of different DCs. When the DC increases from
40% to 96%, the compressive yield strength increases from 100 to 430
MPa, an increase of 330%. We find that the yield strengths are about 100
and 135 MPa for PA membranes having the DC of 40% and 50%,
respectively, which are below the corresponding applied pressure of 120
and 150 MPa. Fig. 12(d) shows the relationship between compressive
yield strength of PA membrane and MPD/TMC ratios. Clearly,
compressive yield strengths are 280 MPa, 160 MPa, 360 MPa and 95
MPa for PA membranes with MPD/TMC ratios of 1.0:1.0, 1.0:4.0,
3.2:2.0 and 4.0:1.0, respectively. Thus, the PA membrane with an
MPD/TMC ratio of 4.0:1.0 is easily destroyed, when the external pres-
sure exceeds 95 MPa.

4. Conclusion

In this study, using MD simulations, we systematically investigate
the pressure-driven water, and salt transport through the 3D-printed PA
RO membranes to explore the effects of DC and MPD/TMC ratio on their
performance at the molecular level. We evaluate several performance
metrics, including water flux, dynamic behaviors of water and salt ions,
salt rejection, membrane density, microstructure, and local structural
properties for seven DCs and four MPD/TMC ratios, and explain these
findings using observations from both water molecules and salt ions
transport dynamics and energetics.

At the microstructure level, different DCs and MPD/TMC ratios can
dramatically affect the structural characteristics of PA membranes,
including structural components, PSD, aromatic ring arrangement, and
monomer spatial distribution, leading to the distinct pore space. Water
flux is pressure-dependent, and the higher the external pressure, the
faster water molecules permeate through the PA membrane. By opti-
mizing pressure-dependent water flux, membrane structural features,
and rejection, on one side, we find that PA membranes with an MPD/
TMC ratio of 3.0:2.0 owns the best structural features as well as high
water permeability and 100% salt rejection at high pressure within the
simulation timescale. On the other side, 80%~90% is the optimal DC to
maintain the excellent structural properties and keeps the total rejection
for salt ions with the relatively large water permeability at high
pressure.

In addition, no matter what DC or MPD/TMC ratio for 3D-printed PA
RO membrane, water permeability is always associated with the
percolated water-accessible free volume that provides a continuous path
connecting the opposite membrane surfaces or the unconnected perco-
lated free volume that allows water molecules to jump from one pore to
another by the temporary on-and-off channels, or both the above two.
However, salt ions also pass through the membrane via the continuous
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Fig. 11. Pore size distribution for PA RO membranes with four MPD/TMC ratios, 1.0:1.0, 1.0:4.0, 3.0:2.0, and 4.0:1.0, under different pressures from 30 to 150 MPa.
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water channels. Importantly, we observe that the applied pressure,
especially at high pressure, causes a rapid compaction of the free volume
and membrane thickness for the highly crosslinked PA membrane.
Moreover, we investigate that compressive yield strength for PA mem-
branes increases with the increasing DC, while a 3:2 ratio of MPD/TMC
maximized yield strength, which is an essential consideration for
designing the high-pressure PA RO membranes.

These findings demonstrate how NEMD is a powerful method to
deeply understand the influence of different synthesis conditions, such
as DCs and MPD/TMC ratios, on pressure-driven water transport be-
haviors in 3D-printed PA RO membranes. Here, simulations are only
limited to a membrane thickness of 50 A, a timescale of tens of nano-
seconds, and thousands of transported water molecules. The exploration
of a wide range of membrane thickness with a larger simulation system
over a longer timescale can clearly result in a better understanding for
designing PA RO membranes at molecular level. Still, we expect that the
molecular insights from this study will better guide the design and
fabrication of precisely tuned 3D-printed PA RO membranes in water
treatment and desalination.
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