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A B S T R A C T

While polyamide-based reverse osmosis (RO) and nanofiltration (NF) membranes are widely used for desalina-
tion and water purification, the influence of membrane porosity and charge on water transport remains to be
fully understood at a molecular level. Here we use molecular dynamics (MD) to build 56 distinct piperazine-
based NF membranes models, which cover a membrane density range of 0.78 g cm−3 to 1.08 g cm−3. These
membrane models have various charge concentrations, corresponding to a pH range of 4–11. Results indicate
that membrane charge is not monotonically correlated with the membrane density or the water transport.
Instead, the water transport is mostly determined by the membrane’s physical properties, specifically, the
membrane density, with charged membrane end groups and counterions causing swelling of the membrane,
which tends to increase flux. Additionally, the diffusion coefficient of water molecules within the membrane is
strongly correlated with the membrane density. The diffusivity of water is independent of the transmembrane
pressure, even under the large pressures employed in molecular simulations. Thus, the transmembrane pressure
biases the direction of the random walk of water molecules through the membrane resulting in a water flux
but does not alter their overall mobility within the membrane. These findings shed light on the relationship
between membrane properties and water transport for charged membranes, as well as providing new insights
into the structure of NF membranes at a molecular scale.
1. Introduction

Freshwater scarcity is an ever-present and growing threat world-
wide as rapid industrialization, population growth, and climate change
burden water resources that are already heavily utilized by indus-
try, agriculture, and municipalities. One promising solution is using
polyamide (PA) membrane systems for water purification. PA mem-
branes consist of a thin active layer deposited on a porous substrate.
This active layer has pores on the Ångstrom or nanometer scale that are
responsible for the high rejection of undesired solutes while still passing
water. Of the two main types of PA membranes, it is well-established
that nanofiltration (NF) membranes are effective in removing large
organic compounds [1–3], while reverse osmosis (RO) membranes have
een used widely for ion removal due to their small effective pore
izes [4,5]. However, to address the pressing need for clean water and
he worldwide energy crisis, NF membranes play a critical role as they
eject divalent ions with significantly lower energy cost [6,7] than RO
embranes. The challenge is predicting how interactions between ion
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solutes and charged NF membrane’s molecular structure alter the solute
selectivity. These interactions are poorly understood, which prevents
NF membranes from being used in situations that would benefit from
their low energy usage or selective contaminant removal [8–10]. Un-
derstanding the interplay between pore size, molecular mobility, and
charge is particularly important for NF membranes given that they
tend to be more porous than RO membranes. Moreover, an important
characteristic of NF membranes is that they are typically charged such
that a fraction of carboxyl groups are deprotonated at a given pH
value, which can affect the membrane transport characteristics. In this
paper, we use MD simulations to explore how membrane charge affects
the structure and water dynamics in NF membranes as a precursor to
further study of how charged solutes interact with NF membranes.

Over the past two decades, a number of experimental studies [11–
16] have been conducted to visualize and understand the microstruc-
ture of PA membranes, and theoretical studies [17,18] have correlated
the PA membrane structure with its performance (ion selectivity and
vailable online 17 November 2021
376-7388/© 2021 Elsevier B.V. All rights reserved.

ttps://doi.org/10.1016/j.memsci.2021.120057
eceived 23 September 2021; Received in revised form 4 November 2021; Accepte
d 8 November 2021

http://www.elsevier.com/locate/memsci
http://www.elsevier.com/locate/memsci
mailto:r-lueptow@northwestern.edu
https://doi.org/10.1016/j.memsci.2021.120057
https://doi.org/10.1016/j.memsci.2021.120057
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2021.120057&domain=pdf


Journal of Membrane Science 644 (2022) 120057S. Liu et al.
water flux). However, in order to uncover the membrane-water inter-
actions at the fundamental atomic level, molecular dynamics (MD), a
computational method based on modeling interactions of individual
atoms, can provide exceptional insight. MD has been used previously
to study RO membranes at the atomic scale [19–28], but these studies
all focused on RO membranes of trimesoyl chloride (TMC) polymer-
ized with m-phenylene diamine (MPD). While they shed light on the
connection between MPD-based RO membrane structure and water
transport, little effort has been dedicated to investigating NF mem-
branes of TMC polymerized with piperazine (PIP). Moreover, atomistic
scale simulations can provide information that is very difficult to obtain
experimentally. For example, it is extremely challenging to measure
the porosity and density of NF membranes since their active layers
are usually less than 100 nm thick [29]. MD studies of NF mem-
branes can easily provide density and pore size characterizations that
can be used to connect transport observations and continuum models
to atomic-scale interactions. Trajectories of water molecules as they
diffuse through the membrane can be tracked, along with membrane
dynamics including positions of charged groups and solutes, all with
sub-picosecond resolution.

A recent experimental study has shown that the solution pH has an
effect on PIP-based NF membranes in rejecting anions with different
charge densities [30]. Thus, one would expect that enhancing mem-
brane performance may depend on a molecular-scale understanding
of the interactions between the feed water and the negatively-charged
carboxyl groups of the membrane itself [31,32]. Different compositions
and concentrations of feed solutes change the pH of the membrane
environment. This directly affects the membrane charge interactions,
influencing membrane porosity, ion selectivity, and water transport.
However, most atomistic simulations of RO membranes have assumed
that the membrane has zero net charge [20,22,26,27,33]. The few
computational studies that account for the negative charge of the
membrane [25,28] have only considered a single ionization state of
the membrane, which would correspond to only a single pH value.
Accurate modeling of the membrane structure at varying membrane
charge concentrations corresponding to different pH values is needed to
understand the effect of membrane charge on membrane nano-structure
and its subsequent impact on water transport.

In spite of the technical challenges in characterizing NF membranes,
several studies have shed light on certain properties of NF membranes.
The active layer of NF membranes is typically produced through inter-
facial polymerization (IP) of PIP and TMC. As a result of this rapid IP
process, the active layer thickness of NF membranes can be extremely
thin, for example, measured to be 34 nm thick [34]. On the other hand,
RO membranes, of which the active layer thickness is much thicker,
for example, measured to be 141 ± 56 nm [35]. The ultra-thin NF
membrane active layer means that NF membranes can be operated
at a significantly smaller transmembrane pressure during desalination,
which is generally within 0.45–0.75 MPa [36] for NF membranes
compared to 1.7–6.9 MPa for RO membranes [37]. In addition to the
active layer thickness, other physical properties of NF membranes have
been measured. Although density measurements of the active layer are
difficult to obtain as it is challenging to separate the active layer from
the support structure, the effective pore size of NF membranes can be
relatively easily determined based on the rejection of solutes [38]. The
pore size range for typical NF membranes is 0.3–5 nm, while that of
RO membranes is 0.1–2 nm [39]. Combining the factors of active layer
thickness and pore size, NF membranes can have 1.5–3 times more flux
than RO membranes [40]. Thus, RO membranes have relatively thick
active layers and a tight molecular structure, while NF membranes are
thin and looser in structure. This actually makes NF membranes more
amenable to study using MD methods than RO membranes, because
larger areas of thin, loose NF membranes can be effectively modeled
within reasonable computational constraints.

The objective of this study is to develop atomistic models of
2

piperazine-based NF membranes in which varying pH conditions for the
membrane can be simulated and use these membranes to consider the
effect of membrane charge on physical and water transport properties
of the membrane. The NF membrane models used in this study are con-
structed from PIP and TMC monomers, which is a simplified realization
of the commercial nanofiltration membrane FilmTec™ NF270 produced
by DuPont Water Solutions. We describe a virtual polymerization
scheme to make realistic and distinct NF model membranes that can
be characterized in terms of density and pore size, depending on the
deprotonation state. We use both Equilibrium MD (EMD) simulations
(no pressure gradient across the membrane) and Non-Equilibrium MD
(NEMD) simulations (with a pressure gradient across the membrane)
to explore water diffusion and advective transport at equilibrium
conditions and under a pressure gradient at the molecular level. In
this study, 56 distinct membrane realizations were constructed and 220
independent water transport simulations lasting 20 ns were conducted.
This large number of samples enables robust quantitative analysis and
illuminates the relationship between membrane properties and water
transport performance.

2. Methods

2.1. Construction of all-atomistic membrane models

2.1.1. Neutral membrane models
The approach to generate neutral membrane models is shown in

Fig. 1(a), which is a similar procedure to the one described previ-
ously [20]. PIP-based NF membranes are computationally constructed
by allowing PIP and TMC monomers to move randomly within a
simulation box using molecular dynamics and then letting amide bonds
form heuristically when reactants are within a threshold distance.
The approach does not attempt to reproduce the actual reactions and
polymerization process but rather aims to reproduce membranes with
realistic density and molecular structure.

Models for PIP, TMC, the amide-bonded oligomer after crosslinking,
and the amide-bonded oligomer after hydrolysis are built using the
general AMBER force field (GAFF) [41]. The topology and force field
parameters for these compounds are obtained using semiempirical bond
charge correction (AM1-BCC) available in AmberTools18 [42,43]. The
fix ‘‘bond/react’’ command [44] in LAMMPS [45] is used to generate
bonds between reacting molecules. Prior to the polymerization process,
TMC and PIP monomers are randomly placed in a simulation box,
which is 52 Å × 52 Å in the x- and y-directions and 50–70 Å in the
z-direction depending on the model (further discussed in Section 2.2).
The x- and y-directions are periodic; the z-direction, which corresponds
to the thickness of the membrane, is not. The monomer mixture first
undergoes minimization, which finds the local energy minima for the
atoms, and then 10 ps equilibration using the canonical ensemble (NVT,
where the amount, N, volume, V, and temperature, T, are constant)
with a timestep of 1 fs. The external temperature set at 300 K and the
temperature damping parameter at 100 fs. The polymerization reaction
occurs when the acyl chloride from TMC and the amine hydrogen atom
from PIP are within a pre-defined distance indicated by the bracket
between the two monomers in Fig. 1(a). After removing chloride and
hydrogen atoms, an amide bond is formed between two monomers
as shown in the first step in Fig. 1(a), followed by partial charge
adjustment. After the first reaction, each molecule has additional sites
that are available for further crosslinking. The polymerization process
is self-limiting because the diffusion of monomers slows considerably
as the polymerized clusters grow. Within the total duration of 200 ps
of crosslinking, the bonding distance between two monomers is set to
3.5 Å for the first 40 ps and then increased to 5.0 Å for the remaining
160 ps to speed up the polymerization reactions. At each timestep,
if new bonds are formed, a NVT equilibration is performed with the
aforementioned settings for 10 ps in addition to the total duration of

200 ps of crosslinking.
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Fig. 1. (a) The monomers, crosslinked dimer, hydrolyzed dimer, and deprotonated dimer configurations, where blue, white, cyan, brown, and red beads represent N, H, C, Cl,
and O respectively; (b) dependence of carboxylate molar concentration [46] (dashed curve, left vertical axis), and the number of carboxylate end groups in a membrane model of
97 nm3 (black circles, right vertical axis) as a function of pH for an ESNA-NF membrane; (c) i. neutral membrane with all protonated carboxyl groups (black), and ii.–iv. 14e, 24e
and 30e charged membranes with carboxylate end groups (red) and protonated carboxyl groups (black). (Color online.).
l

2

At the end of each polymerization simulation, monomers that are
not chemically bonded to the polymeric matrix are removed. Each un-
reacted acyl chloride atom is thereafter replaced by a hydroxyl group,
resulting in a carboxyl group at the carbonyl site, which is equivalent
to hydrolysis for an actual membrane, as shown in the second step
of the polymerization process in Fig. 1(a), resulting in a neutrally
harged membrane. For all the TMC-based segments containing car-
oxyl groups, the partial charges are re-adjusted manually according
o the partial charge profiles parametrized by AmberTools18 [42,43]
so that the final membrane models are uncharged.

After partial charge adjustment, an equilibration is conducted using
the NAMD (Nanoscale Molecular Dynamics) simulation package [47]
long with GAFF forcefields [41]. All neutral membranes are equili-
rated in vacuum at 300 K, using a timestep of 1 fs at a constant
ressure of 1 atm in the isothermal–isobaric (NPT) ensemble for 10 ns
sing a computational box size that is the same as the one used in the
olymerization. Again periodic boundary conditions are used in the x-
and y-directions, while the z-direction is non-periodic to represent the
finite thickness of the membrane model. The SHAKE algorithm [48]
ith a cutoff of the non-bonded potential of 9 Å is used to constrain the
ond between each hydrogen and its mother atom. The Particle Mesh
wald (PME) method [49] is used to compute full electrostatics with a
rid spacing of 1 Å. Although a switching function for Lennard-Jones
LJ) potential is normally used in NAMD simulation program, we turn it
ff since we are using AMBER forcefields. Instead, the NAMD command
‘LJcorrection’’ [47] is used to correct the amount of lost long-range
nergy due to LJ potential cutoff settings.

.1.2. Charged membrane models
When real membranes are in operation, the feed pH and 𝑝𝐾𝑎

determine the ionization state of carboxyl groups (COOH) within the
membranes. However, it is difficult to simulate these effects, so instead
we simply assume a pH and adjust the membrane charge to be con-
sistent with that pH. The relationship between charge concentration
and feed pH has been quantified for several types of water filtration
membranes [16,46,50], but we are unaware of any reports on the
specific relationship for PIP-based NF membranes that we consider
here. To model charge concentration in the absence of this data, we as-
sume that our PIP-based NF membranes follow a similar charge vs. pH
3

a

relationship as an ESNA-NF membrane. This is because ESNA-NF best
matches FilmTec™ NF270 in terms of elemental composition [51,52]
and isoelectric point [46,53]. Although ESNA-NF is based on MPD (fully
aromatic) and FilmTec™ NF270 is based on PIP (semi-aromatic), neither
MPD nor PIP has a significant effect on the 𝑝𝐾𝑎 of the acidic groups
due to the spatial distance between COOH end groups and the amide
bond. Furthermore, we focus on the results measured using Rutherford
backscattering spectrometry because this technique is not constrained
by specimen thickness, and therefore should be more accurate than
X-ray photoelectron spectrometry [52]. Based on the parameters of
ESNA-NF measured by Coronell, et al. [46], the correlation between
charge concentration and pH is reproduced in Fig. 1(b). We arbitrarily
select eight different charge concentrations, ranging from 0.17 M to
0.51 M, which corresponds to pH values of 5.9–11, noting that a neutral
membrane corresponds to pH < 4.0. Given the volume of our mem-
brane model (97 nm3), this concentration range corresponds to 10–30
negatively charged carboxylate end groups within the membrane.

Charged membranes are created by selectively deprotonating COOH
groups, the sites of which are shown in Fig. 1(c)-i for one sample
equilibrated neutral membrane. The locations of COOH in the mem-
brane model depend on the final position of crosslinked TMC and
the degree of crosslinking, which vary slightly from one membrane
model to another. To construct charged NF membrane models, a cer-
tain number of carboxyl groups are deprotonated by removing their
hydrogen atoms, shown as the last step in Fig. 1(a). The deprotonation
sites are arbitrarily chosen but intentionally concentrated in the center
of the membrane as shown in Fig. 1(c) ii–iv. The corresponding pH
depends on the number of carboxylates. For instance, in Fig. 1(c)-
ii, 14 of 34 carboxyl groups are deprotonated (designated as ‘‘14e’’
for 14 negative charges) corresponding to pH = 7.3 for the 97 nm3

membrane, according to Fig. 1(b). To achieve higher pH, successively
more carboxyl groups are deprotonated. After the hydrogen-removal
process is finished, the partial charges of all the deprotonated TMC
are re-adjusted according to the partial charge profiles parametrized
by AmberTool1s8 [42,43] to match the membrane’s negative charge
evel.

.1.3. Membrane hydration
To hydrate a virtual polymeric membrane model, it is common to

rtificially insert water molecules into any of the voids present in the



Journal of Membrane Science 644 (2022) 120057S. Liu et al.
molecular structure of the membrane model, regardless of whether
those voids are accessible to water through permeation [23,24]. By
contrast, in order to mimic the hydration process in real membranes
(in which voids inaccessible to water molecules will not be hydrated),
we use simulations with no transmembrane pressure to let water diffuse
into the membrane. The equilibrated dry membrane is placed between
two water reservoirs. Each reservoir has the same x- and y-dimensions
as the membrane, and the z-dimension is set to 30 Å, which is suf-
ficiently large to contain enough water molecules for the membrane
to be fully hydrated. Periodic boundary conditions are used in the x-
and y-directions (plane of membrane’s cross-sectional surface) while
z-direction is non-periodic. During the hydration process, each water
reservoir is ‘‘sandwiched’’ between the membrane and a graphene
sheet. The graphene sheets are built using the Nanotube Builder avail-
able in VMD (Visual Molecular Dynamics) [54] and parametrized using
the AmberTools18 force field [41]. Each graphene sheet is merely used
to model an impermeable surface, to which pressure is applied at the
outer boundary of the reservoir.

The hydration process for neutral membranes requires simulations
with two pressure settings. A pressure of 30 MPa is applied on both
graphene sheets for 5 ns in order to quickly solvate the membrane,
followed by a 40-ns equilibration-diffusion period with a pressure of
0.1 MPa on both sides. The NVT ensemble is used and water molecules
are modeled using the TIP3P potential [55]. The system size in all
directions is kept constant. The global thermostat, PME [49], SHAKE
algorithm [48], and switching function settings are kept the same as
previously used for equilibration of the membrane.

For charged membranes, the hydration step and membrane equi-
libration are combined. This is necessary because, when equilibrating
the charged membrane models, sodium (Na+) counterions are added so
that the overall net charge of the entire simulation system is zero. This
ensures the long-range electrostatics are correctly computed. When as-
sessing the feasibility of simulating a charged membrane and free coun-
terions in vacuum, as is done with the equilibration of the base neutral
membrane, we observe that the counterions infiltrate the membrane,
and it contracts due to strong electrostatic interactions. Furthermore,
these abnormally dense membranes have substantially reduced water
uptake during hydration simulations, which alters the water transport
in the membrane. Consequently, we do not follow the equilibration
protocol used for neutral membranes (equilibration in vacuum, fol-
lowed by hydration). Instead, we perform EMD simulations with both
water and counterions in the reservoirs on either side of the membrane
to simultaneously hydrate and equilibrate the charged membranes.
Each charged membrane is placed between two identical reservoirs
(membrane area and 30 Å in the z-direction), to which the same
number of counterions are added, half on each side of the membrane, to
balance the membrane charge. The parameters of the 6–12 LJ potentials
for Na+ are extracted from Ref. [56]. Similar to the hydration setup
of a neutral membrane, two simulations at different pressures with a
total duration of 45 ns are performed. Using this approach, counterions
diffuse into the membrane together with the water molecules.

2.2. Membrane models used in this study

To create realistic NF membrane models, we consider three different
PIP:TMC monomer reactant ratios for the polymerization simulations.
All of the PIP:TMC ratios are evaluated after polymerization (due
to potential deletion of unreacted monomers) and the atom content
after hydrolysis is analyzed to compare to an experimentally-derived
PIP-based membrane. The atom content (C, O, N) and O/N ratio for
different PIP:TMC ratios are listed in Table 1, along with measurements
from a real PIP-based NF membrane [51]. Since the monomer ratio is
within a narrow range of values, the elemental composition does not
differ significantly. Although the O/N ratio and atom content measure-
ments only approximately agree with the experimental membrane, a
4

monomer ratio of 1.45 is used for all membrane models because it
Table 1
Membrane elemental composition for three monomer ratios compared to an experimen-
tal NF membrane. For MD models, each ratio is based on three different membrane
realizations.

MD Models Experiments [51]

PIP:TMC 1.42 ± 0.005 1.45 ± 0.004 1.51 ± 0.000 N/A

O/N ratio 1.163 ± 0.005 1.100 ± 0.003 1.038 ± 0.065 1.14 ± 0.01
C (%) 70.51 ± 0.20 70.81 ± 0.01 70.95 ± 0.07 72.95 ± 0.25
O (%) 15.86 ± 0.25 15.29 ± 0.02 14.79 ± 0.08 14.40 ± 0.20
N (%) 13.63 ± 0.05 13.90 ± 0.02 14.26 ± 0.01 12.65 ± 0.05

Table 2
Categories of simulated membranes and the number of PIP and TMC monomers for
PIP:TMC = 1.45.
Group Area (Å2) PIP:TMC

small dense 52 × 52 332 : 228
large dense 74 × 74 671 : 463
small loose 52 × 52 332 : 228

renders the best compromise for the atom content profile of the MD
model membranes to be similar to an actual membrane polymerized
using PIP and TMC.

One of the challenges in performing MD simulations of membranes
is that the membrane dimensions have to be small for computational
efficiency. Since the membrane can only be a few to several nanome-
ters in any dimension, major heterogeneities such as voids or dense
regions may have a strong affect on subsequent measurements. In
fact, experiments have demonstrated that the active layer of PA mem-
branes has these sorts of heterogeneous features [16,57,58]. To visual-
ize this, energy-filtered transmission electron microscopy and electron
tomography have been used to reveal how nanoscale inhomogeneity
within the active layer of RO membranes produces high- and low-
flux regimes [34]. An advantage of the MD approach is that we can
create membrane models with a wide range of densities by manipu-
lating the computational polymerization process. This can be useful
for considering how local heterogeneities can influence flux in large-
scale membranes. We are able to create membrane models with quite
different densities by changing the monomer packing density prior to
polymerization and the polymerization box size. To probe this effect
in detail, we construct 21 neutral NF membrane models with different
densities and membrane areas, which can be categorized into three
groups: small-dense (12 models), large-dense (3 models), and small-
loose (6 models), detailed in Table 2. Small/large refers to the area of
the membrane and dense/loose refers to the polymeric nanostructure.
Within either the small-dense or small-loose groups, different monomer
packing densities and reaction box sizes (see Table S1) are used to build
a variety of membrane models, aiming to cover a range of membrane
densities. Reaction box sizes of a smaller extent in the 𝑧-direction
result in more dense membranes. Additionally, we construct a set of
membranes with twice the area of the small membranes to be sure that
the membrane area does not affect the structural or water transport
properties of the membrane. These large-dense membranes are not used
in the charged membrane portion of this study.

2.3. Molecular dynamics simulations of water transport

The setup for water transport simulations is illustrated in Fig. 2
using the 14e membrane (corresponding to pH = 7.3) from the small-
dense group as an example. The system consists of the hydrated
membrane between two water reservoirs containing sodium counte-
rions, bounded by two graphene sheets to apply pressure to force
water through the membrane. For a charged-membrane system, the
hydrated membrane section includes the equilibrated membrane, the
water molecules that are absorbed within the membrane at the end
of the EMD simulations at t = 45 ns for hydration, and the sodium
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Fig. 2. NEMD simulation setup at t = 0 ns for a 14e membrane from the small-dense
group. Water molecules are red points (not related to the actual size), graphene sheets
are black, membrane atoms are gray, the 14 carboxylate sites (corresponding to pH =
7.3) are labeled as red beads, and counterions are yellow beads. The membrane looks
somewhat different from the one in Fig. 1c-(ii) because the structure changed slightly
fter hydration and equilibration. (Color online.).

ounterions inside the membrane. To assure that the entire system is
eutral, additional counterions are added to either water reservoir so
hat the counterions on both sides of the membrane center in the z-
direction are as close to equal as possible. For a neutral-membrane
system, the hydrated membrane section consists of the equilibrated
membrane and the absorbed water molecules with no counterions.

The dimensions of the feed and the permeate reservoirs match the
dimensions of the membrane in the x- and y-directions with periodic
oundary conditions. For dense membrane systems, the feed reservoir is
0 Å in z-direction, while for loose ones it is increased to 60 Å to ensure
n adequate water supply at a reasonable computational cost. The per-
eate reservoir is 20 Å in z-direction for all systems, which is adequate
o prevent any substantial interactions between the membrane and
he graphene without requiring excessive computational resources. A
ressure of 150 MPa is applied to the left graphene sheet while a back
ressure of 0.1 MPa is applied to the right one. This pressure difference
imics the actual filtration process, although the pressure used is two
rders of magnitude larger than a typical NF membrane operating
ressure [29]. This is necessary because MD simulations require much
igher operating pressures in order to observe significant transport on
anosecond timescales [27]. We will show later that the resulting flux
s consistent with that typically measured for NF membranes at normal
perating pressures.
The system size in all directions is kept constant throughout the

ntire NEMD simulation. To allow the membrane to dynamically evolve
uring water transport without being displaced due to the large pres-
ure difference, roughly 10% of the atoms in the y-z plane at the
eriodic boundaries of the membrane are fixed in space (see Fig. S1
n the supplementary material). To assure repeatability, four NEMD
imulations lasting 20 ns are performed for each membrane model,
tarting with the same initial configuration. The global thermostat,
ME [49], SHAKE algorithm [48], and switching function settings are
ept the same as previously indicated.

. Results

.1. Neutral NF membrane structure

In order to characterize the membrane and provide a basis for
omparing to other membrane properties, we determine the membrane
ensity and measure its water content after membrane models are
ufficiently hydrated and equilibrated. Fig. 3 shows the density pro-
iles (the polymeric membrane density and the corresponding water
ontent) for two neutral membrane examples, the neutral dense and
he neutral loose. The density profiles show that the membranes have
5

m

n active dense portion that we refer to as an ‘‘active layer’’, which
orresponds to the densest region of the membrane, excluding the
ooser, low-density polymeric structures at the surfaces. The thickness
f the active layer is 36 Å for the dense membrane and 38 Å for the
oose based on the concept of a Gibbs Dividing Surface [59]. This
s roughly 10 times thinner than a typical PIP-based NF membrane
uch as FilmTec™ NF270, which has an active layer thickness of about
4 nm [29]. A thinner membrane is necessary for MD studies in order
o observe statistically meaningful results for simulations with physical
ime durations measured in nanoseconds. Nevertheless, we will show
hortly that water flux studies for the model membranes used here
rovide realistic results when accounting for membrane thickness.
Returning to the membrane density itself, the polymeric densities of

he active layer after hydration, 𝜌𝑀 (membrane-only, the mass of water
s not included) are about 1.05 g cm−3 and 0.81 g cm−3 for dense and
oose membranes, respectively. The standard error bars over the 4 ns
ime averages are generally the same size as the data markers in Fig. 3.
he uniformity of the water wt% across the thickness of the membrane
emonstrates that the membrane models are fully saturated with water
t the end of the equilibration run.
It is difficult to compare the density of the membrane models to

ctual membranes. We have found no measurements of NF membrane
ensity in the literature, most likely because physical PIP-based NF
embranes have active layer thicknesses less than 100 nm, so that
xperimentally isolating and measuring the density of the active layer
s quite difficult. As a result, we compare membrane density results
o those of RO membranes, which are also polyamide membranes.
ompared to RO membranes, NF membranes can have comparable or
arger pores, which result in lower selectivity for small molecules, due
o the size exclusion effect [38]. Therefore, NF membranes are ex-
ected to have a lower density within the active layer. In experiments,
O membranes have 𝜌𝑀 in the range of 0.86–1.24 g cm−3 [34,60,61],
nd previous MD studies have revealed 𝜌𝑀 for RO membranes to be
.10 g cm−3 [21,22,27]. Our NF membrane models are on the lower side
f the experimental measurements of RO membranes and have smaller
ensities compared to the computational RO membrane models, which
s expected for membranes with a looser structure [38].
In the aforementioned studies, the density of the active layer in

n RO membrane is usually reported as the total hydrated density 𝜌𝑡𝑜𝑡
membrane plus water). In our models, 𝜌𝑡𝑜𝑡 of the ‘‘active’’ portion is
.29 g cm−3 for the dense sample and 1.24 g cm−3 for the loose one.
hile 𝜌𝑡𝑜𝑡 for the loose membrane is only 4% less than the dense one,

𝑀 of the loose membrane is 22% less than the dense one. The reason
or this is that the weight percent of the hydrating water is 90% greater
n the loose sample than the dense one, thereby obscuring the fairly
arge difference in the densities of the membranes alone. As a result, 𝜌𝑀
ill be used in this study instead of 𝜌𝑡𝑜𝑡 so that the physical differences
etween the membrane models themselves are clearly quantified.
In addition to analyzing membrane density, MD simulations provide

he advantage of being able to measure the membrane porosity at the
ngström-scale. While the membrane does not contain straight, cylin-
rical channels, quantification of membrane porosity provides critical
nformation about the local nanostructure. The pore size distribution
𝑃𝑆𝐷) is characterized using PoreBlazer v4.0 [62] through a geometric
ethod that determines the total free volume and the pore size distri-
ution given a spherical ‘‘probe’’ of a particular size. In order to capture
he membrane porosity with a high resolution, we use a probe size of
.25 Å. This gives us a resolution that matches or exceeds atomic force
icroscope (AFM) measurements, which use 0.30 Å and 0.66 Å pixel
izes when imaging PIP-based NF membranes [63]. Moreover, AFM
easurements cannot probe the interior porosity of the membrane,
hich is possible for simulated membranes.
Fig. 4 shows the PSD curves (in the form of a probability den-

ity function) for all neutral membrane models, where each curve
epresents an independent membrane realization. The three types of

embranes have generally similar PSD curves with pores ranging from
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Fig. 3. Membrane density, 𝜌𝑀 (left vertical axis) and water wt% enclosed in the
embrane (right vertical axis) calculated and averaged over 2000 time instants
eparated by 2 ps during the last 4 ns of the equilibration. The data points are
alculated for a 2 Å thick slice across the x, y-extent of the membrane at z-locations
paced 2 Å apart: (a) neutral-dense, and (b) neutral-loose membranes. (Color online.).

he probe size resolution of 0.25 Å up to about 6 Å for the dense
embranes and even larger values for the loose membranes. The peaks
n the PSD curves for all membranes are located at around 3 Å,
hich may correspond to the ‘‘network pores’’ formed by crosslinking
ithin a given polymer chain or aggregate [66]. The vertical shaded
egions in Fig. 4 indicate the range of water molecule diameters, from
.8 Å, the Coulombic diameter, to 3.4 Å, the van der Waals (vdW)
iameter [64,65]. Since the size of a solvating water molecule is best
haracterized by the Coulombic diameter when interacting with polar
toms, and the vdW diameter when interacting with nonpolar atoms,
his range provides a good estimate of water molecule size within the
embrane. Clearly, peaks in the PSD for all three membrane models
oughly coincide with the size of water molecules. Water molecules are
nlikely to pass through pores smaller than this size.
In small dense membranes (Fig. 4(a)), the maximum pore diameter

anges from 5.8 Å to 7.5 Å for different membrane models, suggesting
hat there are distinguishable variations in polymeric structure result-
ng from different polymerization setups (Table S1). On the other hand,
he PSD curves for the large dense models shown in Fig. 4(b) are very
imilar to each other because of identical polymerization setups (Table
1). Unlike the dense membranes (Fig. 4(a, b)), loose membranes
ave substantially more pores with diameters greater than 6 Å and
ore pore size variations between models (Fig. 4(c)). The increased
revalence of large pores in the distribution may indicate the presence
f ‘‘aggregate pores’’, which result from the open spaces that lie in
etween polymer aggregates [66]. The largest values for pore diameters
f loose membranes range from 7 Å to 12 Å, which is in the range of
ggregate pore sizes [66].
The results in Fig. 4 verify that manipulating initial crosslinking con-

igurations can produce membrane models with distinct structures, as
s desired here so the dependence of transport properties on membrane
tructure can be assessed. While the membrane models are distinct,
ach one is large enough so that it is not dominated by a single feature,
uch as the presence of a particular pore or channel, noting that the PSD
urves are remarkably consistent within each category (dense or loose).
The effective pore diameter of NF membranes has been reported to

e 7.80 Å and 8.96 Å in previous experimental studies [67,68], esti-
ated from the size of permeated solutes. In an alternative approach,
he mean pore diameter measured by AFM at the membrane surface
as been found to be 3.10 ± 0.66 Å for FilmTec™ NF200, another
ommercial NF membrane type produced by DuPont Water Solutions
ith smaller mean pore diameter, and 7.1 ± 1.4 Å for FilmTec™
F270 membranes [63]. Since the range of pore sizes indicated in

Fig. 4 is consistent with these measurements of pore sizes in physical
membranes, we conclude that the membrane models resemble real PIP-
based NF membranes. Having a range of densities and pore sizes for
6

Fig. 4. Pore size distribution (probe size = 0.25 Å) of (a) 12 small-dense, (b)
3 large-dense, and (c) 6 small-loose neutral membrane models shown in different
colors averaged over 10 time instants separated by 0.4 ns during the last 4 ns
of the equilibration. The shaded region indicates the diameter range of a water
molecule [64,65]. (Color online.).

the different membrane models enables us to investigate correlations
between membrane structures and transport properties. Of course, fur-
ther experimental studies on physical PIP-based NF membranes using
techniques like positron annihilation spectroscopy would be helpful
in providing more accurate estimates of pore sizes to which virtual
membranes can be compared.

The correlation between membrane density and mean pore diameter
for neutral membrane models is shown in Fig. 5. The two membrane
categories, dense and loose, which results from different polymeriza-
tion setups, occupy distinct density and pore diameter regions in the
figure. The gap between the dense and loose membrane measurements
occurs because the virtual polymerization used here is a complex
stochastic process that could not be precisely controlled to produce a
membrane model with a specific density. (This gap will be addressed
again later in this paper.) Overall, the density decreases as the mean
pore diameter increases, and the range of mean pore diameters for the
model membranes straddles the diameter of a water molecule (2.8 Å to
3.4 Å [64,65]), which is again indicated by a shaded area. Although the
mode pore size of the PSD in Fig. 4 for all membranes is approximately
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Fig. 5. Membrane density, 𝜌𝑀 , as a function of mean pore diameter for small-dense
(red circles), large-dense (black squares), and small-loose (blue circles) membranes,
averaged over 10 time instants separated by 0.4 ns during the last 4 ns of the
equilibration. The standard error bars are generally the same size as the markers or
smaller, so they are omitted for clarity. The shaded region indicates the diameter range
of a water molecule [64,65]. (Color online.).

qual to the diameter of a water molecule, the mean pore size in
ome dense membranes considered here is less than the size of a water
olecule. As is evident in Fig. 4(a, b), the majority of pores in dense

membranes are smaller than a water molecule. On the other hand,
the mean pore diameters in loose membranes are greater than 3.4 Å,
because the majority of pores in loose membranes are larger than a
water molecule (Fig. 4(c)).

The mean pore size and pore size distribution only reveal the
overall porosity in the membrane. To examine the volumetric porosity
based on the size of a water molecule, we define the free space
within the membrane that can occupy at least one water molecule
as the free volume. Shown in Fig. 6(a), the free volume is measured
using PoreBlazer v4.0 [62] with two probe sizes, corresponding to the
Coulombic diameter (2.8 Å) and the vdW diameter (3.4 Å) [65] of
a water molecule. The total free volume is normalized by the total
membrane volume (periodic area times the distance between the Gibbs
dividing surfaces) to produce a percentage value. It is evident that
the free volume decreases linearly with increasing 𝜌𝑀 regardless of
the probe size as shown in Fig. 6(a), with the data for a 3.4 Å probe
shifted vertically downward from that for a 2.8 Å probe, as would be
expected. We also performed the free volume analysis with a probe size
of 3.1 Å, the average of the Coulombic and vdW diameters of a water
molecule. The results derived from a 3.1 Å probe lie between the ones
calculated with 2.8 Å and 3.4 Å probes (data points omitted in Fig. 6(a)
for clarity).

More important than the free volume is the percolated free volume,
shown in Fig. 6(b), which quantifies the connected free space that water
can travel from one side of the Gibbs dividing surface to the other.
The percolated free volume for each membrane is less than its free
volume at the same probe size, which indicates that some voids do
not facilitate water transport. Furthermore, when considering all the
cases here, the percolated free volume does not exhibit a clear linear
relationship with 𝜌𝑀 for the entire set of data. In fact, many of the
dense membranes have zero percolated free volume at high values of
𝜌𝑀 , suggesting that few water molecules can pass through these mem-
branes even though the free volume itself is non-zero. Nevertheless,
as will be shown later, these membranes have non-zero water flux
indicating that thermal vibrations and collisions of water molecules
with the membrane result in a dynamic pore structure [27] that allows
7

some water molecules to pass through the membrane, although this
Fig. 6. (a) Free volume and (b) percolated free volume as a function of 𝜌𝑀 , both
calculated with probe diameters of 2.8 Å and 3.4 Å. All measurements of small-dense
(red), large-dense (black), and small-loose (blue) membranes are based on 4 replicate
NEMD simulations for each membrane model. Measurements are averaged over 10 time
instants separated by 2 ns during the 20 ns NEMD simulation for each trial. Dashed
lines are least squares fits to the data for each probe size and in (b) only non-zero
percolated free volume data points are used for fitting. (Color online.).

is not necessarily reflected in the 10 time instants used to determine
the percolated free volume. Moreover, including only data points for
non-zero percolated free volume allows an approximately linear fit to
the data, although the scatter is much greater than in Fig. 6(a). We
also perform the percolated free volume analysis with a 3.1 Å probe
and the corresponding results lie between the ones calculated with
2.8 Å and 3.4 Å for the small-loose membranes. For dense membranes,
the percolated volume measured with a 3.1 Å probe is essentially zero,
similar to the results for a 3.4 Å probe. In the remainder of this paper,
we will use the membrane density to quantify the physical structure of
the membrane, since it is a quantity that is more readily interpreted at
the macroscale and avoids the complexity arising from determining the
appropriate probe size.

3.2. Water flux in neutral NF membranes

Measuring the water flux allows us to understand how the phys-
ical property differences (density, pore size, percolated free volume,
etc.) between membrane models are reflected in the water transport
behavior. At the molecular level considered here, it is the easiest to
measure the net change in the number of water molecules in the
permeate reservoir from the beginning to the end of the simulation. The
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Fig. 7. Flux as a function of 𝜌𝑀 for all small-dense (red), large-dense (black), and small-
oose (blue) membranes. All measurements are based on 4 replicate NEMD simulations
or each membrane model. (Color online.).

Fig. 8. 𝜌𝑀 of neutral and corresponding charged membranes, averaged over the last
ns of the equilibration with a sampling frequency of 2 ps. The standard deviation

s indicated by the error bars (barely visible because they are so small). Membrane
et charge accounting for counterions inside each membrane is in parentheses. (Color
nline.).

ater flux is obtained by normalizing the number of permeated water
olecules by the simulation time (20 ns) and the membrane surface
rea (27 nm2 for small membranes and 55 nm2 for large membranes).
This number water flux (nm−2 ns−1) can be converted to macroscale
lux (m s−1) by using the molar volume of water to calculate the flux
s a volumetric flow rate per unit area.
The number water flux is shown in Fig. 7 as a function of 𝜌𝑀 . Since

the percolated free volume decreases with increasing 𝜌𝑀 (Fig. 6(b)),
lux also decreases as 𝜌𝑀 increases. Although the decrease is mono-
onic, the dependence of the flux on the 𝜌𝑀 is quite different for
ense and loose membranes. For loose membranes, the flux is quite
arge compared to the densest membranes, where the flux is almost
egligible (0.1 nm−2 ns−1), since these dense membranes lack enough
ercolated free volume to facilitate substantial water transport. Loose
8

embranes have much larger percolated free volume, which greatly 4
acilitates water transport. Moreover, the results for flux and percolated
ree volume based on different probe sizes (Fig. 6(b)) also suggest that
ater molecules may be transported under two different conditions.
he first is through the continuously connected channels, which are
uantified by the percolated free volume. The other is ‘‘hopping’’ or
‘jumping’’ from one pore to another [27,69,70] even when the perco-
ated free volume is essentially zero. Since the membrane nanostructure
s in constant motion due to thermal vibrations and collisions with
ater molecules, pore dimensions are dynamic [27,71]. Thus, water
olecules can ‘‘hop’’ from one pore to another as the pore structure
hanges, thereby accounting for a finite number flux of water molecules
t large 𝜌𝑀 even with zero percolated free volume.
At this point, it is useful to compare the number water flux in these

irtual membrane models to the water flux in physical membranes.
he fluxes for the virtual membranes in Fig. 7 span from 0.001 m s−1

o 0.06 m s−1 at 150 MPa (right vertical axis in Fig. 7). The flux
easurements of commercial PIP-based NF membranes range from 7 to
3 liter m−2 hr−1 bar−1 [67,72]. Accounting for the operational pressure
ifference and the active thickness difference between our membrane
odels (4 nm) and commercial NF membranes (34 nm [29]), the
xperimental flux values for commercial membranes are equivalent to
flux range of 0.024 m s−1 to 0.046 m s−1 at 150 MPa, consistent
ith what we measure here (Fig. 7). This further demonstrates that
he virtual NF membranes studied here are physically representative of
ctual PIP-based NF membranes.

.3. Membrane charge effect on structure and water transport

When NF membranes are used for water filtration, functional groups
n the membrane structure can be deprotonated depending on the feed
H such that the membrane becomes charged [16,29,35,46,50]. We are
nterested in how the membrane charge affects the membrane structure
𝜌𝑀 ) and water transport behavior. One advantage of MD simulations
s that we can precisely control the charge concentration and directly
ompare a membrane sample in the neutral state versus the one with
arying degrees of protonation.
To examine the effect of charge on the membrane density, we con-

ider two neutral membrane examples (labeled A and B) from the small
ense and small loose groups, respectively. It is from these four neutral
embranes (Dense A, Dense B, Loose A, Loose B) that all charged
embranes are derived. Each neutral membrane is used to generate 8
ifferently charged membranes by incrementally deprotonating random
arboxylic groups, where the number of carboxylates increases from 10
o 30, corresponding to pH values 5.9–11 according to Fig. 1(b).
The membrane density 𝜌𝑀 for the charged membrane models and

he corresponding neutral membranes are summarized in Fig. 8. For
ach of the four cases, charged groups are progressively added to the
eutral membrane (from zero charged groups for the neutral membrane
p to 30 charged groups). Each resultant charged membrane is re-
quilibrated as described earlier. Note that 𝜌𝑀 is averaged over the last
ns of equilibration for the active layer between the Gibbs dividing
urfaces, and the small error bars indicate each charged membrane
s adequately equilibrated after charge application. Comparing the
ensity of the neutral membranes to the charged ones, it is evident
hat adding charge to the membrane slightly reduces 𝜌𝑀 , suggesting
hat the membrane swells slightly as charge (or pH) increases in most
ases. This density reduction is most evident for the Dense A case
here 𝜌𝑀 decreases by 12% on average compared to its base neutral
embrane. This can be explained by the rearrangement of local poly-
er chains after charge application. More specifically, when certain
arboxylic sites are deprotonated to negatively charged end groups,
hey experience strong electrostatic interactions that tend to swell the
embrane as they undergo the re-equilibration process. Hence, charge
pplication, in this case, leads to looser structures. For instance, the
verall thickness of a neutral membrane from the Dense A group is

8 Å (measured from edge to edge), whereas the overall thickness
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Fig. 9. Snapshots of EMD simulations of 30e membrane from Dense A group (top) and 30e membrane from Loose A group (bottom) at t = 0 ns, 1 ns and 45 ns. The pressure
on both sides is 30 MPa for t = 0–5 ns to solvate the membrane and then set to 0.1 MPa for t = 5–45 ns to allow for normal diffusion. Water molecules are red dots, graphene
heets are black, and membranes are gray. (Color online.).
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f a 30e membrane derived from this neutral membrane is 64 Å,
lthough the active portion thickness of these two membranes are
ery similar, measured to be 32 Å (neutral membrane) and 34 Å (30e
embrane). The swelling behavior is less pronounced in the other three
embrane groups as the density variation is less than 4% for Dense
and Loose B, and only 0.6% for Loose A. When the base neutral
embrane is already relatively loose, the deprotonated structure does
ot vary significantly from its neutral state, apparently because the
dditional free space between polymer chains results in weaker charge
nteractions. Consequently, the feed pH affects membrane structure
ore significantly when the membrane is in the high-density range.
From Fig. 8, it is evident that the trend between membrane den-

ity and charge concentration (the number of carboxylates) is neither
onotonic within each membrane group nor consistent across all mem-
rane groups. Apparently, the variation in the distribution of COOH
nd groups, which is different within each base neutral membrane,
ives rise to the randomness observed in the deprotonated membrane
tructures. We also conjecture that the counterions, some of which
nd up inside membrane after equilibration as shown in Fig. 2, could
lay a role. To examine this, we consider the membrane net charge by
ombining the charge of carboxylates and sodium cations within each
embrane, displayed in the parentheses for each membrane model in
ig. 8. The loose membranes have lower negative net charge and a nar-
ower range of charge than the dense membranes, most likely because
ounterions can access the free space more easily. To demonstrate this,
ig. 9 shows results for 5 ns of fast solvation with a pressure of 30 MPa
n both sides of the membrane followed by 40 ns with a pressure of 0.1
Pa on both sides. Both water molecules and sodium counterions can
ove into both Dense A 30e and Loose A 30e membrane models within
ns due to the interaction between negatively charged carboxylate
nd groups and positively charged sodium counterions. However, more
odium counterions move into the Loose A 30e membrane within
ns, and there are more sodium ions inside Loose A 30e membrane
t the end of the EMD simulation. Additionally, sodium counterions
re more likely to be found close to the carboxylates in the Loose A
0e membrane. Video V1 in the supplementary material shows the
ynamics of the sodium counterions entering the membrane. This result
ersists even under high transmembrane pressure. Video V2 in the
upplementary material shows the NEMD simulations of Dense A 30e
nd Loose A 30e membrane models. Despite the high transmembrane
ressure used in these simulations (150 MPa), sodium ions inside the
9

embranes are still very likely to be found in the vicinity of carboxylate
roups. However, there seems to be no meaningful correlation between
embrane density and net charge either within one membrane case or
cross all four cases (see Fig. S2 in the supplementary material). Hence,
he membrane density, while affected by the charge, does not seem to
ave a consistent dependence on either the nominal membrane charge
r the net charge.
To consider the effect of membrane charge on water transport,

he number water flux is plotted against membrane density for all
harged membranes and their corresponding neutral base membranes
n Fig. 10(a). The number water flux decreases as 𝜌𝑀 increases re-
gardless of the charge on the membrane, which is indicated by the
type of symbol. That the number water flux does not have a clear
relationship with membrane charge is consistent with the result in
Fig. 8 where 𝜌𝑀 has only a minor correlation with the membrane
charge. Instead, the number water flux depends primarily on the mem-
brane density for charged membranes just as it does for uncharged
membranes (Fig. 7). However, there is a distinction between charged
and uncharged membranes, illustrated by the curves fitted with power
law functions separately through the data for the charged membranes
and the neutral base membranes. The data points for the charged
membranes shift slightly to the left compared to the neutral base mem-
branes. For the two dense membrane sets, membrane charge leads to a
looser structure, which, in turn, increases flux in the dense membranes
(data points shift leftward and upward from the corresponding neutral
membranes). A similar result occurs for several of the charged Loose B
membranes, particularly for highly charged membranes. But for other
charged Loose B membranes, particularly those at a lower charge,
the membrane density remains mostly unchanged and the number
water flux shifts downward. Likewise, for Loose A membranes, charge
does not affect the membrane density at all but reduces the number
water flux. This could possibly be attributed to the counterions in the
membrane interacting with water molecules locally, but we have not
tested this. In dense membranes, local charge effects are less important
as membrane structure likely plays a bigger role in controlling flux.

Note that the initial simulation results for two membrane models,
20e from Loose A group and 18e from Loose B group, deviate from the
charged membrane trendline. To investigate this, we simulate two more
cases of the 18e membrane from Loose B group, the initial flux results
for which are above the neutral trendline (purple upright triangles). In
one case, the same initial configuration as the previous 18e membrane
before equilibration is used, but a new equilibration run is performed.
For the other case, the positions of 16 carboxylates in the membrane
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Fig. 10. (a) Flux as a function of membrane density 𝜌𝑀 among 8 differently charged
membranes (4 replicate runs per model) based on four corresponding neutral base
membranes (152 total simulations). The dashed curves fitted with power functions are
drawn to guide the eye. (b) Flux as a function of neutral (×) and charged (○) membrane
odels (220 simulations) used in the study; the inset shows flux measurements on a
emi-log scale. (Color online.).

emain the same, but the two additional carboxylates are located closer
o the permeate reservoir, different from their previous positions. The
ame protocols for equilibration and water transport simulations are
sed to perform 4 trials per membrane (8 simulations in total). The new
esults for the 18e membrane (purple upright triangles) move vertically
own from the original ones, falling back onto the charged membrane
rendline.
To understand the difference between these 18e membranes, con-

ider two 18e membrane samples, where one sample is from the
riginal model and the other sample has the same pre-equilibrated
tructure as the original one but undergoes a new equilibration run.
ince these two samples have the same initial structures before equili-
ration, the structural difference within the two samples during NEMD
imulations can be indicated by the time-averaged distance between
arboxylate groups in the two samples. Snapshots of 7 out of 18 car-
oxylate group pairs that change their location by more than 6 Å from
ne equilibration to the other are shown in Fig. 11, highlighted in
matching colors. The arrow direction indicates how the carboxylate
groups shift from the original 18e membrane model to the newly
equilibrated one. The carboxylate location shift does not have a clear
trend; the shifts in location seem to be random in direction and magni-
tude. That the distribution of carboxylates differs from one membrane
sample to the other indicates that the arrangement of chains within
the membrane can change, depending on the equilibration. The large
difference in flux values, 4.1 nm−2 ns−1 and 1.6 nm−2 ns−1 with only
a 2% change in membrane density indicates that the nanostructure
10
Fig. 11. Snapshots of 7 carboxylate group pairs exhibiting a shift larger than 6 Å,
arrows pointing from an original 18e membrane (higher flux above the charged
membrane trendline in Fig. 10(a)) to a newly equilibrated 18e model (lower flux falling
on the charged membrane trendline). The distance is averaged throughout the entire
NEMD simulation. The membrane structures are gray. (Color online.).

of the two membranes is quite different. To demonstrate this, video
V3 in the supplementary material shows how different the perme-
ated water movements are for the two 18e membrane models with
different equilibration runs. For the membrane with a higher flux,
water molecules pass quite easily through the lower one-third of the
membrane, while for the other membrane with a lower flux fewer water
molecules pass through the entire membrane, particularly in the lower
one-third. This suggests a channel in the high flux membrane that does
not exist in the low flux membrane, simply as a results of randomness
in the equilibration. This discrepancy found in our membrane models
coincides with the heterogeneity that is observed in physical PA mem-
branes [34]. Most PA membranes are manufactured using interfacial
polymerization, which is too fast to be in equilibrium [73]. Hence, in
real membranes, there could be substantial heterogeneity [34] such as
distinct loose and dense regions. Since spatial heterogeneity is hard
to simulate given the small size of our membrane models due to
computational constraints, we use a wide range of individual models
(different membrane densities and charges for the 152 simulations
represented in Fig. 10(a)) to extract the general trends that may be
hidden in noisy results due to the membrane heterogeneity.

In spite of substantial variations in membrane size, membrane
structure, and membrane charge, there is a remarkably consistent
relationship between water flux and membrane density, as shown in
Fig. 10(b). Further note that the flux values measured for charged
membranes overlay those for uncharged membranes. In fact, charged
membranes fill the gap at membrane densities of 𝜌𝑀 ≈ 0.9 𝑔 𝑐𝑚−3

observed in the neutral cases (Fig. 6(b)), resulting in a continuous
variation in 𝜌𝑀 and clear monotonic dependence of the number water
flux on membrane density. Thus, although there is a slight dependence
of membrane flux on charge, evident in Fig. 10(a), the flux is most
strongly dependent on membrane density. Furthermore, when the same
data is replotted on a semi-log scale (inset in Fig. 10(b)), there is
a clear linear relation for 𝜌𝑀 < 1.05 g cm−3, while the water flux
decreases sharply for 𝜌𝑀 ⩾ 1.05 g cm−3. This suggests that there exists a
membrane density, above which water transport does not occur at all.
This critical density of 𝜌𝑀 = 1.05 g cm−3 corresponds to the value in
Fig. 6(b), for which the percolated free volume decreases to zero for
probe sizes of both 2.8 Å and 3.4 Å. For 𝜌𝑀 < 1.05 g cm−3 the linear
relation on the semi-log plot indicates that the water flux decreases
exponentially with membrane density. This is likely related to the de-
crease in water accessible pores, essentially the percolated free volume,
with increasing membrane density. Additionally, the general collapse
of the data in Fig. 10(b) for a total of 220 independent simulations for
a wide range of membrane models indicates the robust nature of the
flux–density relation and the outstanding overall repeatability of these
simulations.
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3.4. Water dynamics: diffusion

Simultaneous with the advection of water due to the transmembrane
pressure resulting in a net flux through the membrane, Brownian
motion of water molecules occurs as they interact with each other and
the membrane nanostructure. Thus, to further understand the motion of
water during transport, we examine the diffusivity of water within all
the charged membrane models. The mean square displacement (MSD)
provides an approach of analyzing the nature of the motion of water
molecules inside and outside the membrane. The MSD is calculated
as [74–79]:

𝑀𝑆𝐷(𝜏) =
⟨

𝛥𝒓2(𝑡, 𝜏)
⟩

= 1
𝑁

𝑁
∑

𝑖=1
[𝒓𝒊(𝑡 + 𝜏) − 𝒓𝒊(𝑡) − 𝑽𝒅𝜏]2 (1)

where 𝜏 is the time interval, 𝛥𝑟 is the displacement of a water molecule,
.⟩ indicates the expected value for the ensemble of 𝑁 molecules, the
verbar represents the average over time, 𝒓𝒊 is the three-dimensional
ector location of water molecule 𝑖, 𝑡 is time, and 𝑽𝒅 is the drift velocity,
hich is proportional to the water flux (essentially, the net flow in the
-direction for the membranes considered here). 𝑽𝒅 in the membrane
s based on the average z-component of velocity of water molecules in
he membrane, and 𝑽𝒅 in the reservoir is directly calculated from the
otion of the graphene sheets. Thus, the MSD is essentially the square
f the fluctuations in the location of molecules in time 𝜏 on average,
part from their displacement due to transport across the membrane.
e have separately considered the diffusion in the transport direction
z) and in the transverse (x and y) directions; the corresponding MSD
alues do not differ significantly from each other. Based on Einstein’s
905 paper on the theory of diffusion [80], the MSD can be related
o the diffusion coefficient 𝐷 for Brownian motion, which can be
xpressed in a general form as [74,76,77,81,82]

𝑆𝐷 (𝜏) = 2 𝑛𝐷 𝜏𝛼 (2)

here 𝑛 is the number of dimensions for the motion of the molecules
𝑛 = 3 in this case), and 𝛼 characterizes the diffusivity [75,77,81,82].
= 1, equivalent to a linear relation between MSD and 𝜏, corresponds
o Brownian, or normal, diffusion in which motion is dominated by
ollisions so that molecules follow a random walk. For 0 < 𝛼 < 1, the
otion of molecules is sub-diffusive, which results from a situation in
hich molecules are hindered or ‘‘caged’’ in some way. For 1 < 𝛼 < 2,
he diffusion is enhanced by molecule transport. Accounting for the
rift velocity in the equation for the MSD eliminates such molecule
ransport for the situation considered here. For 𝛼 = 2, the motion is
allistic in which molecules move freely with no collisions after an
nitial impulse [74], a condition which occurs at time intervals and
isplacements much smaller than those considered here. It is useful to
ake the logarithm of both sides of Eq. (2) to express it as:

og (𝑀𝑆𝐷) = log (2 𝑛𝐷) + 𝛼 log (𝜏) (3)

This form, equivalent to plotting MSD versus time interval 𝜏 on a
og–log plot allows the easy visual comparison of 𝐷 and 𝛼 for different
onditions [77]. Large 𝐷 corresponds to large values of MSD, and the
lope of the relation indicates the value of 𝛼 and, hence, the nature of
he diffusion.
With this context, the MSD is calculated for time intervals 𝜏 ranging

rom 2 ps (the highest resolution of water trajectories) to 1 ns for
ll the charged membranes. Water trajectories obtained from NEMD
imulations are divided into three categories: bulk water away from
he membrane interfaces regardless of the type of membrane (loose or
ense), permeated water (excluding water molecules trapped in closed
ores or confined space in the membrane) while traversing in the active
ortion of loose charged membranes, and permeated water traversing
n the active portion of dense charged membranes. Among all NEMD
imulations and within each category, MSD is calculated for each water
11

olecule and averaged over the total number of water molecules in w
Fig. 12. (a) MSD vs. time interval for bulk water (black, 128 simulations) outside of 32
charged membranes, permeated water inside 16 loose charged membranes (LM, blue,
64 simulations), and permeated water inside 16 dense charged membranes (DM, red, 64
simulations) measured during the 20-ns NEMD simulations. (b) MSD vs. time interval
for two example membranes showing bulk water (black) and permeated water (blue)
within four 20-ns NEMD simulations (solid curves) and one 100-ns EMD simulation
(dash-dotted curves). (Color online.).

each of the samples. Thus, each of the overlapping curves shown in
Fig. 12(a) represents the average MSD for 283 to 2645 water molecules
for one charged membrane realization. The overlapping curves of each
color demonstrate the range of results in each of the three categories.
Among three groups, bulk water (black curves) has the highest MSD
values and, consequently, the highest diffusion coefficient at any given
𝜏 as the water on either side of the membrane is free of confinement.
Water inside loose membranes (blue curves) is less mobile, as suggested
by the lower MSD values, and water molecules inside dense membranes
(red curves) have the least mobility with even lower MSD values. The
spread of MSD curves for bulk water is quite narrow, demonstrating the
robust nature of the calculations. However, the water mobility within
the membrane depends on the membrane structure and membrane
charge, as indicated by the larger spreads in their MSD curves. Similar
MSD results obtained for neutral membranes generally overlay the
charged ones (see Fig. S3 in the supplementary material).

The nature of the diffusion for each water category can be deter-
mined based on the MSD curves. Bulk water exhibits normal diffusive
behavior (𝜏 < 0.1 ns), as indicated by the slope of approximately one
(0.87 ⩽ 𝛼 ⩽ 0.92), consistent with more detailed measurements giving 𝛼
= 0.92 for water [74]. The reduced slope at large values of 𝜏 reflects the
onstraint of the overall system size, which is on the order of 20 Å for
ach reservoir, corresponding to a MSD on the order of 400 Å2 where
he slope starts to deviate from 𝛼 ∼ 1. Similarly, the slope of the MSD
or water inside the membranes changes at small values of 𝜏, consistent

ith the approximate membrane pore size, which is on the order of
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3 Å (Fig. 4), corresponding to a MSD on the order of 10 Å2. Thus, the
diffusion of water inside the membrane is sub-diffusive (0.58 ⩽ 𝛼 ⩽
0.82) when 𝜏 is less than about 0.03 ns, reflecting the constraint of
water molecule motion in the membrane pores. At short enough time
intervals, 𝜏, and corresponding values of MSD, we would expect the
MSD curves for the membranes should converge with those for bulk
water, because at the scales of the membrane pores, the motion of
the water molecules is not constrained. However, this requires a much
smaller output time resolution than 2 ps per frame used in this study. At
the other end of the time interval range, when 𝜏 is between 0.03 ns and
1 ns, 𝛼 ranges from 0.78 to 0.99 inside the membranes, indicating that
the diffusive nature of water in both the loose and dense membranes
approaches that for water outside of the membrane (𝛼 slightly less than
1) because of the random walk nature of water molecules interacting
with the membrane structure at larger time scales.

Before considering the diffusion coefficient derived from the MSD
data, it is useful to examine the effect of the transmembrane pressure
on water self-diffusion. To do this, we consider two membranes, 10e
and 30e from the Loose A group, as examples and applied 0.1 MPa
on both sides of the membrane to render a system without pressure
difference. Since no transmembrane pressure is introduced, these are
EMD systems, which are performed for 100 ns to obtain statistically
meaningful results. For both membranes, the water flux is essentially
zero. However, as illustrated in Fig. 12(b), there is no significant
ifference between the MSD curves for the EMD and NEMD simulations
ithin the range of 𝜏 considered. Therefore, transmembrane pressure
nd the subsequent water flux do not have any significant impact on
ater diffusivity. It is the pressure difference across the membrane that
rovides directionality for water transport and facilitates permeation
hrough the membrane. Diffusivity is related to the mobility of water,
hich is prescribed by the membrane porosity, and is unrelated to the
pplied transmembrane pressure.
To quantify the diffusion coefficient D, we consider the bulk water

ctivity and water permeation in the range of time intervals where
t can be considered as essentially normal diffusion (𝛼 ≈ 1). The
ependence of the diffusion coefficient extracted from each water
ransport simulation on the membrane density 𝜌𝑀 and the water flux
re shown in Fig. 13(a) and (b), respectively. As would be expected
ased on the constraining effect of the membrane structure on water
olecule motion, D decreases as 𝜌𝑀 increases (Fig. 13(a)). The decrease

is sharpest for low-density membranes and is less dramatic as 𝜌𝑀 gets
larger. The number water flux and D are linearly correlated (Fig. 13(b)).
his is not surprising. High diffusivity is associated with low membrane
ensity (Fig. 13(a)) because the membrane constrains the motion of
ater molecules less than in a more dense membrane. Likewise, high
ater flux is associated with low membrane density (Fig. 10(b)), again
ecause the membrane constrains the motion of water molecules less
han in a more dense membrane. Since both water diffusivity in the
embrane and water flux through the membrane depend similarly on
he membrane density, it is reasonable that the two quantities are
irectly correlated with each other, as is clearly evident in Fig. 13(b).
Finally, to confirm and validate our results, we compare the values

e measure for D in bulk water and water inside membrane with both
xperimental and other MD studies. Here, D for bulk water is calculated
o be 3.64 ± 0.12 × 10−9m2 s−1, which is in reasonable agreement
ith experimental results of 2.23 − 2.32 × 10−9m2 s−1 [20,83–87]
easured at 298 K. When considering bulk water self-diffusivities based
n theoretical studies and MD simulations, there is considerably more
ariation, in the range of 2.0 − 6.3 × 10−9 m2 s−1 [61,74,88–92]. In
revious studies, both the TIP3P and the modified TIP3P models tend
o have higher diffusivities than the experimental data at the same
emperature, and our value of 3.64 ± 0.12 × 10−9 m2 s−1 is consistent
ith these previous MD simulation results. We find D for water inside
embrane models to be 0.27 − 1.22 × 10−9 m2 s−1, which is somewhat
igher than the values of 0.15 ± 0.03 × 10−9m2 s−1 measured in a RO

−3
12

embrane having a membrane density of 1.20 g cm [84]. This is not
Fig. 13. (a) Diffusion coefficients D as a function of membrane density 𝜌𝑀 and (b) the
correlation between number water flux and diffusion coefficients D. Neutral membranes
are shown as ‘‘×’’ where 4 sets of neutral membranes have matching colors with their
corresponding charged membranes and the rest are shown in black. Data for a total of
220 simulations is shown. (Color online.).

surprising, given that RO membranes are typically more dense than NF
membranes, likely resulting in a lower value of D. In fact, although the
horizontal scale in Fig. 13(a) does not extend to membrane densities as
high as 𝜌𝑀 = 1.2 g cm−3, it appears that this data for this RO membrane
would be consistent with the dependence of D on 𝜌𝑀 in this figure. In
theoretical studies and MD simulations, D in RO membranes has been
found to be around 0.14–0.80 × 10−9 m2 s−1 [20,21,61,88], which is
lose to the values measured for D for dense membranes and some loose
embranes here.
It is evident that membrane charge does not directly influence water

ransport activity or diffusion, as indicated in Fig. 13(b). Instead, it is
the effect of the membrane local structure, quantified here in terms of
membrane density 𝜌𝑀 , which may be affected by the membrane charge,
that governs water flux and diffusion.

4. Conclusions

Although NF membranes are routinely used in wide variety of
water applications, charge interactions in these membranes are poorly
understood at the atomic scale. Here we begin to address this by using
molecular dynamics to explore 56 neutral and charged PIP-based NF
membrane models, conducting a total of 220 NEMD simulations and
57 EMD simulations. This large number of simulations allows us to
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characterize these NF models over a wide range of membrane densities
and charge concentrations to uncover the relationship between NF
physical properties and water dynamics.

The membrane models considered here have realistic elemental
composition, physical properties, and water transport performance
compared to actual PIP-based FilmTec™ NF270 membranes based on
the characterization of membrane-only density 𝜌𝑀 (Fig. 3), pore size
(Figs. 4 and 5), free volume (Fig. 6), and water flux (Fig. 10). For
the negatively charged membrane models, the number of negatively
charged carboxylate groups, which corresponds to increasing pH, has
a minor effect on the membrane structure, the degree of which varies
from one membrane model to another. Although there is a slight ten-
dency for the membrane to swell with increasing charge, the membrane
density is not monotonically related to the membrane charge (Fig. 8).
Consequently, the membrane charge concentration does not directly
affect water flux (Fig. 10(a)). Instead, the water flux depends nearly
entirely on the membrane density. The presence of charged carboxylate
groups and sodium counterions within the membrane tends to swell the
membrane structure and increase water accessible free volume, which
can reduce the membrane density and thereby affect the transport
properties by increasing the water flux (Fig. 10(b)). This effect is
most evident in membrane models with relatively high densities where
charges are in close proximity. At low membrane densities (𝜌𝑀 ⩽
0.82 g cm−3), however, the membrane can be so loose that the water
flux is not strongly correlated with the membrane density.

The membrane density, which of course can be altered by the mem-
brane charge along with counterions in the membrane, also determines
the diffusion of water within the membrane structure (Fig. 13(a)). Thus,
water diffusivity, a metric indicative of water mobility inside the mem-
brane, depends on the membrane structure, quantified here in terms of
the membrane density. Since both water flux and water diffusivity are
determined by the membrane structure, water flux and water diffusivity
themselves are correlated with each other (Fig. 13(b)). It is important to
note that high water flux is not a consequence of high water diffusivity;
instead both are related to a loose membrane structure correspond-
ing to low membrane density. It is also important to note that the
diffusion coefficients are independent of the transmembrane pressure.
Diffusion corresponds to the random walk trajectories taken by the
water molecules, which are also influenced by the presence of the
non-equilibrium transmembrane pressure resulting in a net transport
through the membrane. Thus, water transport through the membrane
can be seen as a random walk with transmembrane pressure controlling
the direction and magnitude of the net water molecule movement.

This study provides the foundation for further studies on charged
PIP-based NF membranes by illuminating the effect of charge on the
membrane structure and basic water transport properties. Furthermore,
the approaches for modeling membrane charge used here can also
be extended to simulations of other charged membranes including
MPD-based RO membranes. However, there are still questions left
unanswered such as how local membrane conformation is related to the
membrane charge, how the membrane charge affects the transport of
ionic solutes of different valencies, and how the ionic solutes in the feed
influence water transport. In subsequent work, we intend to focus on
membrane–ion and ion–ion interactions in charged NF membranes in
order to broaden the application of this important class of membranes.
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