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ABSTRACT: With the purpose of gaining insights into the mechanisms of ion
uptake and permeation in desalination membranes, MD investigation of a model
polyamide membrane was carried out. A relatively large membrane (45K atoms)
was assembled, which closely matched real desalination membrane in terms of
chemistry and water permeability. Simulations demonstrate that the mechanism of
ion uptake distinctly differs from mean-field approaches assuming a smeared
excluding Donnan potential. Ion sorption on charged sites in the membrane phase
appears to be highly localized, due to electrostatic forces dominating over
translational entropy. Moreover, sorption on partial atomic charges becomes
possible as well, which greatly enhances salt (co-ion) uptake and weakens the effect
of fixed charges on salt exclusion. This could explain high ion uptake measured in
polyamide membranes for both co- and counterions and variations of ion sorption
and permeation at low salt concentrations. On the other hand, present simulations
greatly overestimate ion permeability, which could be explained by a more open
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structure than in real membranes, in which dense polyamide fragments may efficiently block ion permeation. Unfortunately, MD
cannot analyze ion uptake and permeation in dense fragments containing too few ions, which calls for new approaches to

studying barrier properties of polyamide.

1. INTRODUCTION

Thin-film composite membranes of reverse osmosis (RO) and
nanofiltration (NF) types are widely used today in desalination,
purification, and recycling of various aqueous streams.”” These
membranes have a polyamide selective layer obtained by
interfacial polymerization (IP), a complex film-formation
process that produces a film with inherent nanoscale variations
of porosity and chemistry.”* Much effort has been invested in
understanding membrane structure and its relation to selectivity
and permeability; "*~'* however, many questions are still open.

Over the past years, there has been significant progress in
applying to this problem the methods of molecular dynamics
(MD)."” ™ Recently, our group presented a molecular model
of polyamide®® composed of 44 467 atoms and 237 ionizable
COOH groups that was thoroughly assembled through a
random condensation protocol to closely match available
Rutherford backscattering spectroscopy (RBS) and other data
on chemical composition and cross-linking of polyamide.'*
This was an improvement over previous MD studies that
utilized significantly more charged and less cross-linked and
hence less rigid structures. The model was used to analyze
porosity, swelling, uptake of water, and water diffusion within
polyamide, which showed a reasonable agreement with
available experimental data.

It must be emphasized that the exact structure of the
polyamide membranes is still not known well, even though the
overall thickness and average chemical composition, matched
by the present model, are relatively well-determined. The
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reasonable agreement between published MD simulations,
including our previous study, and experimental values of water
content and permeability might be somewhat fortuitous and
simply result from small sensitivity of water permeation to
microstructural details. This might not be the case for salt
permeation; however, MD results on salt permeation are scarce
and less conclusive.

The main motivation and purpose of this study was therefore
to extend the MD simulations to analysis of transport and
uptake of salt and individual ions. A special emphasis is placed
here on the role of nanopores and fixed charges, inherent to
polyamide structure, and the relation to salt exclusion and
transport. The localized effects in nanopores and around fixed
charges are the most difficult to treat within analytical models
of salt exclusion and permeation, which are usually of the mean-
field type and assume that average or effective characteristics,
such as a uniform Donnan potential or smeared surface charge,
can be applied to the entire membrane phase or nanopore
surface. Deviations from such mean-field concepts are where
MD can supply a crucial insight, unavailable at present through
other research tools. Apart from this insight into the
mechanism of salt exclusion and applicability of mean-field
concepts, another purpose of this study was to clarify whether
the simulated polyamide structure can provide quantitative
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Figure 1. yz projected view of the simulation box and its content, as assembled previously:*® (a) entire content, (b) polyamide only, (c) water only.

estimates for salt permeability and partitioning of salt and
individual ions consistent with experimental observations.

2. SOFTWARE, HARDWARE, MOLECULAR MODELS,
SIMULATION PROTOCOLS, AND DATA
POSTPROCESSING

2.1. Software and Hardware. All MD simulations were
performed by running GROMACS> 3! package, version 5.0.4
with GPU support. Its source code was compiled with Intel C+
+ Compiler XE 15.0.0 (GCC version 4.4.7 compatibility) for
Linux (x86_64) with GPU support against CUDA 7.0 libraries,
to achieve better performance. A workstation equipped with 2
X Intel Xeon X5650 CPU and 1 X NVidia Tesla K20 GPU
running CentOS 6.6 (Linux kernel 2.6.32, Intel 64) was
employed as a computing node. The molecular topology of the
polyamide molecule was stored and edited in SQLite (3.6.20)
database. The spatial distribution of the atomic mass, charge,
and velocity across the simulation box was collected by
processing the trajectories recorded by GROMACS. That was
assisted by an analysis tool set written in Fortran 2003 (Intel
Fortran Compiler XE 15.0.0 for Linux was used to produce the
linkable binary code) and linked as modules within Python 2.7
scripts. Xdrfile code (supplied by GROMACS project) was also
adopted as a binary Python module in order to read the frames
one by one directly from the trajectories.

2.2. Model Polyamide, Water, lons, and Force Field.
Assembly of the model polyamide molecule was reported
previously.”® The molecule consisted of 44467 atoms
(394 568.898 amu), and its molecular topology (atomic types

and charges, bonds, and improper dihedral angles) followed the
parametrization provided by the GAFF force field.”” In this
study the TIP3P water model® was replaced with SPC** (see
section SI in Supporting Information for details), since it
reportedly better represents the solvent properties in systems
with interfaces,” yielding a more contrasting spatial distribu-
tion of the water dipoles at the interface. The used GAFF force
field parameters for Na* and Cl~ are those published by Chen
and Pappu.*

2.3. Simulation Protocols. The swollen polyamide
molecule and its ionized form were settled inside a prismatic
simulation boxes with sizes ~6.8 nm X 7.2 nm X 20 nm, as
shown in Figure 1. Periodic boundary conditions (PBC) in all
dimensions were applied to create a polyamide membrane of an
infinite surface area. The following simulation protocols were
consecutively applied to the simulation box content: (a)
settling, (b) salination, (c) ionization (for fully ionized
membrane only), and (d) equilibration. They are described
in detail along with their GROMACS start configurations
(which include all parameters of the simulations) in sections
S2—SS5 of Supporting Information. The salination protocol was
not only used to introduce salt to the system but also supplied
reference data for 0.5 M NaCl solution. The goal of the
ionization protocol was to convert all 237 COOH groups into
COO" fixed charges and to obtain a fully ionized membrane. It
must be stressed that, as a result of salt redistribution between
the bulk solution and membrane phases, the equilibrium NaCl
concentration in solution differed from the initially introduced
0.5 M, which was taken into account in the analysis of salt
permeability and ion partitioning.
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Figure 2. Distribution of the total Na* and CI~ ionic charge along the samples of (a) nonionized and (b) fully ionized polyamide membranes
expressed as molar concentrations within a probing slice of thickness Az = 0.167 nm moving in the z-direction of the simulation box in dz = 0.0151

nm steps.

To correctly measure and analyze the atomic velocities, the
barostat algorlthm in the equilibration protocol was changed
from Berendsen’’ to Parrinello—Rahman®®* (section S5 in
Supporting Information). Note that the productive stage of the
simulation, which was part of the equilibration protocol used
for the computing of the results, was 200 ns long.

2.4. Data Postprocessing. The spatial distribution of the
atomic charge and velocity were calculated by means of the
dedicated analysis tool set based on the grid statistics, as
described in detail in section S6 of the Supporting Information.
Grids of 450 X 480 X 1325 nodes were constructed to analyze
spacial distribution of different physical properties within the
simulation box. To analyze distribution of average properties
across the membrane the simulation box was scanned with a
moving slice of dimensions 6.8 nm X 7.2 nm X 0.167 nm that
was moved in z direction by 6z = 0.015 nm steps. The thickness
of the probing slice (0.167 nm) was optimized as described in
section S6.3 of Supporting Information, while the 0.015 nm
step was the spacing between 1325 nodes in z direction.

The calculation of the radial distribution functions (RDF)**
and self-diffusion coefficients, D, was obtained by means of the
GROMACS tools g_rdf, and g_msd. They were calculated for
the “active part of the membrane”: the part of the simulation
box where the spatial atomic charge distribution is
representative for a bulk polyamide membrane (see next).

3. RESULTS AND DISCUSSION

3.1. lonization, Hydration, and lon Sorption. The large
(about 4SK atoms) polyamide molecule assembled previously
from m-phenylenediamine (MPD) and trimesoyl chloride
(TMC) monomer was used in this study to assemble a
hydrated membrane facing an aqueous salt solution at both
sides, as shown in Figure 1. Given that the microscopic
polyamide structure is not regular, its relatively large size
allowed collecting fairly robust statistical averages of main
characteristics of interest, without imposing unrealistic
demands on computational time and resources. The size was
particularly important for analyzing fixed charges and ions in
the system, which are relatively scarce species even for the
relatively concentrated NaCl solution used here.

The polyamide molecule building up the membrane
contained 237 weakly acidic carboxylic groups, i.e., about 7
such groups per 100 amide bonds, which in a real membrane,
depending on the specific pH, would be partly or fully ionized
in water. Unfortunately, the ionization degree cannot be
deduced from MD simulations, nor can it be a priori specified
for a given pH, since this depends on the yet unknown pK, of

the acidic groups. Although pK, in water is known, in an
organic or polymeric phase it would depend on the dielectric
constant and, in the present case, could vary between locations,
depending on the local hydration. As ionized groups tend to be
more hydrated than nonionized ones, ionization and hydration
must be interrelated in a complex way. Nevertheless, it was not
clear how much difference the ionization would make. To
understand its relative importance, we chose to simply consider
two limiting cases whereby all fixed charges are either
completely associated, i.e., the polymer is overall electrically
neutral, or completely dissociated (ionized); thus, the polymer
bears a maximal fixed charge. In the latter case this charge had
to be neutralized by Na* counterions when the membrane was
equilibrated with a NaCl solution to ensure electroneutrality.

It must be stressed that the other atoms of polyamide,
especially O and N of the amide groups, may bear significant
partial atomic charges as well. These charges were initially
computed for MPD and TMC monomers and MPD-TMC
dimers using RESP routine’”*" and redistributed in the course
of polymerization and formation of amide bonds, which further
reduced the partial charges of O and N atoms.”® These charges
then do not interact with water and ions as strong as fixed
charges, and their overall net charge is zero. Nevertheless, they
may have a substantial impact on the dynamic and equilibrium
properties of the system, as revealed by analyzing the two
simplified ionization scenarios.

Figure 2 shows the spatial atomic charge distribution of Na*
and CI” across the membrane, computed by grid analysis
(section S6 in Supporting Information). Each point represents
the average amount of the atomic charge associated with a
particular ion located in the probing slice (see section 2.4) at
certain z. Disregarding fluctuations, the profiles plateau in the
region 3 < z < 17, representing and thereafter referred to as the
inner bulk of the membrane, while the complementary regions
z < 3 and z > 17 are treated as outside regions, even though
they contain some polymer as well, except for the special region
18 < z < 19 nm containing only the solution phase. For the
neutral membrane the total charges borne by Na* and CI™ are
exactly compensated, and small local mismatches reflect
fluctuations of the local charge. On the other hand, for the
charged membrane the total charges borne by Na* and CI~ ions
differ by the total negative fixed charge of the membrane
(237e), and the Na* profile fluctuates more strongly due to the
occasional presence of discrete fixed charges within some slices.

Maps in Figure 3 explicitly show time-averaged distribution
of atomic charge for ionized and neutral membranes within
representative slices at z = 6.2 and 19.1 nm, i.e,, inside and just
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Figure 3. Time-average distribution of the atomic charge of the polyamide, water, Na*, and CI~ ions across an xy slice of thickness Az = 0.167 nm:
(a) just outside the membrane next to water/polyamide interface at z = 19.1 nm and (b) deep inside the membrane at z = 6.2 nm. The left half
corresponds to the nonionized membrane and the right half to the fully ionized membrane. Blue arrow indicates a single COO™ charge of polyamide
protruding into solution. Red arrows indicate water aligned next to the polyamide—water interface. White arrows indicate bulk-like water within large
voids inside polyamide. Regions encircled with a red dashed line indicate dense polyamide fragment. (See Supporting Information section S6

describing the statistical routine and plotting technique and video files.)

outside the membrane, for 4 species: polyamide, water, Na,
and CI”. Perhaps the most striking feature is the strong
immobilization and alignment of water next to atomic charges
of polyamide, whose charge pattern sustains over time and does
not fluctuate significantly. Similar water structuring effects in
nanopores, neutral and charged, were reported in many other

studies.””~*> Water panels in Figure 3a shows that while water
in solution outside the membrane and far enough from the
interface is featureless, water molecules just next to polyamide
(designated with red arrows) are immobilized and form a
distinct charge distribution pattern that sustains as well. Figure
3b shows that inside polyamide water molecules lining the
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Figure 4. Computed radial distribution functions g(r) showing correlations between (a) the center of the mass of SPC water molecules and the
polyamide chain; (b) C, N, and O atoms and undissociated COOH groups of neutral polyamide membrane and Na* ions; (c) same as part b for the
fully ionized membrane. The plots are representative of the inner part of the membrane.

inner pore surface are immobilized in a similar manner and only
a small fraction found in largest cavities appears as featureless as
the bulk solution (designated with white arrows). Figure 4a
displays the radial distribution function (RDF) between water
and polyamide, in which C, O, and N making up the polyamide
structure are viewed collectively as a single type of atoms. The
large peak at ~0.3 nm indicates a strong alignment of the first
layer of water next to the water—polyamide surface and little
structure beyond that layer. These patterns show no significant
difference for ionized and neutral membranes.

Similar to that of water, maps of Na* and Cl~ densities in
Figure 3 show that in the bulk solution (outside the
membrane) the ions have a fairly uniform density; however,
within polyamide they concentrate in strongly localized spots.
In the neutral polymer the spots of Na* and Cl~ are correlated
to some degree, but in some locations ions of one type only are
found, pointing to the existence of either positive or negative
fixed charges attracting oppositely charged ions. These localized
spots may be viewed as a 3D analogue of the well-known
localized and immobilized 1D layer of counterions, the Stern
layer, next to a charged interface in solution.”® More of them
and significantly more Na* than CI” is seen in the ionized
membrane due to the presence of ionized COO™ groups. One
such spot of Na® around a COO~™ charge just at the
polyamide—water interface extending to the adjacent solution
is also seen in Figure 3a marked with a blue arrow. In contrast,
well-correlated, smeared, and nearly uniform clouds of both
Na* and CI7, resembling the bulk solution, are observed in
relatively large pores, in which a bulk-like structureless water is
present as well.

The RDF correlation between Na* ions and oxygen atoms of
COO~ groups (not shown) displays peaks at 0.226 and 0.431
nm, indicating formation of contact (CIP) and solvent-

separated (SSIP) ion pairs, respectively, with a peak ratio ca.
32:1. The high ratio of the primary and secondary COO~
charges once again indicates a strong attraction of Na'
counterions in polyamide, quite different from the more diffuse
cloud shape obtained by Aparicio and Atilhan®’ next to Ar—
COO™ groups in solution. The ion separation in CIPs 0.226
nm should be roughly the size of a Na" spot. Given the fact that
there are 237 fixed charges spread over a 14 nm thick
membrane, the Na" map in the right plane of Figure 3b is
supposed to contain of the order of 237 X 0.226/14 ~ 4 Na*
spots associated with COO™ charges, which is consistent with
the observed number of most intense spots.

However, in Figure 3b there are clearly other spots, not
associated with ionized carboxylic groups, to which ions get
attracted, though perhaps not as strongly as to fixed charges.
This is most obvious for nonionized membrane, in absence of
any genuine fixed charges (Figure 3); however, localization of
ClI” at some location in the negatively charged ionized
membrane is another strong indication. Some CI” and Na*
clouds are complementary, but some are not, or the correlation
between the two is weak, as seen in Figure 2. The quite
featureless radial distribution functions RDF in Figure 4b,c
emphasize that this is not a general correlation between the
polyamide atoms and ions analogous to the polyamide—water
correlation in Figure 4a. Rather, ions are attracted to just a few
specific locations. We believe that this result highlights
attraction to partial atomic charges in the polyamide matrix,
which is sustained over time due to the rigid structure of
polyamide. Even if the polymer is overall neutral, the local
atomic charges may provide enough attraction energy to
localize an ion to a substantial degree, provided there is enough
separation of positive and negative atomic charges to create a
sufficiently strong local electric field at typical interionic
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Figure S. Radial distribution function between Na* and Cl inside (a) the nonionized and (b) ionized membrane.

(a)

Figure 6. Schematic illustration of different ion sorption regimes: (a) the Donnan model, A is small compared to charge spacing, negative fixed
charges collectively exert a negative nearly uniform Donnan (¢p) on the entire membrane phase; (b) the localized sorption regime, A3 is large
compared to charge spacing, negative fixed charges form separate potential wells trapping mobile ions; (c) localized sorption involving both genuine
fixed charges and “active” partial atomic charges of the same as well as opposite sign (minority charges). Large filled circles designate genuine
negative fixed charges; smaller circles designate atomic charges, positive (red) and negative (blue). Solid lines schematically depict potential

variations; mobile ions are not shown.

distances. For instance, the relative intensities of the first peak
of RDFs in Figure 4b,c indicate that average attraction of Na*
to electronegative O atoms is distinctly stronger than to C or
N. Such well-separated charged atomic sites are relatively
sparse, but even a small amount could strongly affect ion
sorption. This type of ion—polyamide interaction has not been
explicitly considered in previous simulations; however, it was
postulated in some phenomenological models.**

The sorption to such atomic charges rather than genuine
fixed charges could explain unexpectedly high ion sorption in
polyamide membranes measured by Zhang et al. using RBS,"
which seemed inconsistent with the high salt rejection by
polyamide. While polyamide is supposed to exclude ions, the
measured ion partitioning coefficients K were larger than 1; i.e.,
there were more ions in polyamide than in water. The
measured sorption was also not much different for counter- and
co-ions, suggesting it was unrelated to the membrane fixed
charge. A similar high sorption of salt in neutral aliphatic Nylon
with K > 1 was also reported by Toubeli and Kiparissides.*’

Figure S showing RDF between Na* and Cl™ ions offers
another insight into interionic interactions in polyamide.
Compared to bulk solution,””** the CIP peak at ~0.3 nm is
largely suppressed while the SSIP one at ~0.5 nm is enhanced,
more in the neutral membrane. The CIP peak may be
associated with the interaction of free Na* and Cl™ in large
pores, similar to bulk solution, for which this peak should be
dominant.”** Dominance of SSIP peak in Figure 5 may be
explained by sorption on fixed or atomic charges, in which case
Na* and CI” have to form a triplet with a charged site rather
than a pair and Na—Cl attraction will be weaker. This
mechanism may also explain why SSIP is reduced for an
ionized membrane; this may come from the fact that zero net
charge of a COO™Na" pair should attract a Cl” less strongly
than Na* adsorbed on a partial atomic charge.

Bason et al. pointed out that permeability of salt in
semiaromatic polyamide NF membranes, known to possess
fixed charges, tends to become independent of salt concen-
tration in dilute feed solutions, opposite to what is expected for
a charged membrane based on the Donnan or combined
Steric—Donnan—diElectric (SDE) exclusion model.>*** Re-
cently, Galama et al.”> demonstrated that ion sorption in ion-
exchange resins obeys a model analogous to SDE in a wide salt
concentration range; however, co-ion sorption at low
concentrations shows a discrepancy similar to the one observed
by Bason et al. The only plausible way to explain this result was
to assume the presence of minority fixed charges opposite to
the dominant fixed charge. The present observations suggest
that atomic charges, sufficiently separated from adjacent
opposite atomic charges, may play the role of such minority
charges.

It may be noted that low dielectric properties of the polymer
may amplify this effect. To see it most transparently, one may
consider the Bjerrum length of the medium Ag, which sets the
scale below which electrostatics dominates over thermal energy
kpT, as follows:>*

A = €/ 4eegkyT (1)
Here, e is the electron charge, and ¢ is the dielectric constant of
the medium. When the spacing of fixed charges exceeds /g, the
thermal motion (or translational entropy) of the ions is
negligible compared to electrostatic forces and unable to
uniformly spread the ion across the membrane phase, as it does
in aqueous solutions and as assumed in the Donnan and SDE
models. This invalidates the concept of a single and uniform
Donnan potential that is exerted collectively by all fixed charges
together on all ions in the membrane phase (Figure 6a).
Instead, fixed charges form deep and well-separated potential
wells thus fixed, and mobile charges mainly interact pairwise
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(Figure 6b). As a result, mobile ions strongly adsorb on fixed
charges. The small translation entropy allows the counterions
to move only over a limited space around the fixed charge;
thereby, the adsorbed ion becomes highly localized (cf. ion
spots in Figure 3b). Moreover, due to strong localization, the
adsorbed counterion nearly fully neutralizes the fixed charge.
Thereby, its potential barely affects other mobile ions in the
system, again, invalidating the concept of a single Donnan
potential collective exerted by all fixed charges.

A notable feature of the Donnan scenario is that the atomic
charges must exactly cancel out in the overall (background)
fixed charge and play no role. However, in the just described
localized sorption scenario, individual atomic charges may well
act as individual and independent adsorption sites for one type
of ion (Figure 6c). The mean dielectric constant of hydrated
polyamide € is probably under 10, given the refractive index of
dry polyamide is €% ~ 1.7,%° i.e., € ~ 3, and that of confined
water is less than 15% of bulk value, i.e., less than 12.>° For such
€ and univalent ions (z, = 1) Az should then exceed 5 nm,
which is indeed much larger than the spacing of ion spots in
Figure 3b. Even though for atomic charges z, < 1 and A3 must
be shorter, for some “active” atomic charges it may still be
sufficiently large to lead to the localized sorption. Remarkably,
in the case of a charged membrane, atomic charges of the same
sign as genuine fixed charges may pass unnoticed, but opposite
atomic charges will show up as minority charges and result in a
finite salt sorption at very low salt concentrations, as Galama et
al.>® indeed observed. In a neutral membrane, they may also set
minimal salt sorption C, especially, in a low dielectric
membrane, in which ion solubility would be low without
such charges. In such cases apparent salt partitioning K = C,/c,
will increase when salt concentration ¢, decreases, as was
observed in RBS experiments of Zhang et al.*’

3.2. Dynamics of lons and Water. Dynamics of water and
ions inside polyamide provides another insight into the state of
these species in the membrane. One such characteristic is the
distribution of ion velocities. The GROMACS tool set
computes this distribution by tracing atomic velocities, i.e.,
based on the simulation trajectories. However, in order to
compare the ion velocities inside and outside the membrane
and map them in a manner similar to atomic charge maps in
Figure 3, the spatial distribution of time-averaged ion velocities
on a 3D grid was computed, as elaborated in section S6 in
Supporting Information, which also ensured that atom
trajectories-based and grid-based statistics yielded identical
velocity distribution for the entire membrane.

The appropriate overall characteristics that may be compared
for selected spatial regions are the probability mass function
(PMF) of the atomic velocities, p(v), as well as the most
probable velocity, v, and the root-mean-square (RMS)
velocity, v, that may serve as appropriate metrics and are
defined as follows:

dp(v)
O —Oatv—vp )

Vs = (/:o uzp(v) dv)l/2 3)

Figure 7 shows the distribution p(v) inside and outside the
nonionized and ionized membranes, and Table 1 displays v,
and v, calculated for the Na* and Cl™ ions in the specified
regions. These characteristics are compared with 0.5 M NaCl
bulk solution obtained as part of the salination protocol. It is
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Figure 7. Probability mass function (PMF) of the ionic velocities of
(a) Na* and (b) CI".

Table 1. v, and v,,,; Velocities of Na" and CI™ Calculated
Using Equations 2 and 3 outside and inside the Neutral and
Ionized Membranes and for 0.5 M NaCl Solution”

nonionized fully ionized
membrane membrane
ionic velocity 0.5 M NaCl
ion [nm/ps] solution outside inside outside inside
Na* vp 0.46 0.46 0.47 0.46 0.46
Vome 0.57 079 092 077 091
ClI™ vp 0.37 0.37 0.37 0.38 0.37
v, 0.46 0.64 0.87 0.65 0.89

rms

“Prior to calculating v, and v, the noise of the computed
distributions was reduced using Chebyshev polynomials of degree 20.

seen that v, is essentially identical inside and outside the
membrane and in the bulk solution. On the other hand, v,
differs significantly and increases inside the membrane,
compared to 0.5 M NaCl solution. Note that in the classical
Maxwell distribution v, and v,,,, are rigidly related, and indeed
in the bulk solution v,,,,/v, ~ 1.24 for both ions and is close to
the Maxwell distribution value (3/2)"/? & 1.225. Moreover, the
relation of v, to the ion mass M = 2k T/ sz yields values close
to the actual ion masses. However, in the membrane the ratio
Vims/Vp 15 significantly increased. Apparently, this indicates
coexistence of two populations, a “slow” bulk-like one and a
distinct population of faster ions. Superposition of two
populations is what causes deviation of the v,,,/v, ratio from
the Maxwell distribution value. Figure 7 shows that the slow
fraction is large enough to keep v, unchanged, since the faster
fraction has very few ions with this velocity; thus, the position
of the maximum is preserved. On the other hand, the fast
fraction adds significantly to the high-velocity tail of the
distribution, which increases v, Since the part of the box

rms*
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Figure 8. Local distribution of the atomic velocities of Na* and Cl™ ions (a) in solution next to polyamide water interface and (b) inside the
polyamide membrane. The maps refer to the same slices as in Figure 3. Sections S6.3 and S6.4 of Supporting Information provide details on the

plotting technique. See also Supporting Information video files.

defined as “outside of the membrane” also contains some
polyamide, the effect appears both outside and inside the
membrane, with the faster fraction being larger inside. Both
inside and outside distributions are virtually identical for the
nonionized and ionized membranes.

Figure 7 visualizes local variations of time-averaged ion
velocities inside and outside the ionized and neutral membranes
in the same manner and for the same representative slices, as
the charge density maps in Figure 3. The dark blue color in
Figure 8a indicates velocities similar to those in bulk solution
(Figure 8b), while bright yellow color reveals much higher
velocities within high ion density spots associated with fixed
charges. Apparently, the electric field around the fixed charge
accelerates the ions (electrophoretic effect™”). Once trapped by
a fixed charge, a counterion gains a significant kinetic energy
and thereafter bounces elastically against the rigid surrounding
matrix, preserving the high velocity but remaining strongly
localized. Due to the localization, such fast-bouncing counter-
ions are negligibly displaced over time and thus contribute little
to ion diffusivity (see next).

Computing diffusivities is another way to analyze the
dynamics of water and ions. An important difference from
velocities is that molecules or ions have to show a significant
displacement over time; thus, fast counterions bound to fixed
charges contribute fairly little to diffusivity and transport across
the entire membrane. Table 2 displays the scalar coefficient of
self-diffusion, D, of water molecules and ions estimated from
their mean squared displacement (MSD). The shown values
were estimated by tracing only the particles (molecules of ions)
which stayed inside the membrane 90% of the productive stage
time. This increased the error AD by <15% but excluded the
particles residing outside the membrane.

Table 2. Scalar Self-Diffusion Coefficient D and Its Standard
Deviation AD Estimated for the SPC Water Molecules and
Na* and CI™ Ions in Nonionized and Ionized Membrane and
in the Model 0.5 M NaCl Solution

D + AD [x107° m* s7]

nonionized fully ionized
species membrane membrane 0.5 M NaCl
SPC water 0.664 + 0.022 0.556 + 0.019 5.103 + 0.048
Na* 0.263 + 0.092 0.122 + 0.075 1.949 + 0.125
ClI~ 0.324 + 0.109 0.357 + 0.198 1.837 + 0.195

The diffusivity values for water are an order of magnitude
lower than in the bulk and are consistent with previous MD
estimates.”””*** It was also most encouraging that the
computed permeability was fairly consistent with the one
actually measured. Indeed, assuming the solution-diffusion
mechanism, a film of thickness § = 100 nm, representative of
dense commercial RO membranes, would have an osmotic (i.e.,
diffusive) water permeability ¢,,D,,/5, where ¢, ~ 0.2°° and D,,
~ 0.6 X 107 m? s™' (Table 2) are the water volume fraction
(partitioning coefficient) and diffusivity in polyamide. Further,
assuming equivalence of osmotic and hydraulic pressures as the
driving force for water transport, as standard in RO models, the
diffusive permeability may be converted to hydraulic perme-
ability L, by the factor RT/V,,, where V,, = 1.8 X 1075 m® mol™!
is the molar volume of water. The final expression is

RT @D,
L =—x—>~"
PV, 8 (4)
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Equation 4 yields a hydraulic permeability L, ~ 107" ms™

Pa~! or ~1-10 L m™2 bar™!, which is close to that of
commercial membranes.

Table 2 shows that the average water mobility was somewhat
larger for the neutral membrane, despite the fact that the
ionized membrane should be slightly more hydrated. It is
possible that the additional water hydrating the ionized groups
could be localized and contributes insignificantly to water
transport across the entire membrane. As the ultimate
bottlenecks of the water transport across the membrane are
water-lean passages separating water-rich pockets, larger
hydration of isolated ionized sites increases the total water
content but not as much water permeability, which means the
average mobility per water molecule is reduced.

A similar effect may explain the variations of average mobility
for Na* and CI™ ions in different cases. Indeed, if the overall ion
transport is determined by ion-lean fragments of polyamide,
localized regions with higher ion concentration and mobility do
not contribute significantly to the macroscopic ion transport.
Thus, addition of ions to these regions should reduce the
average ion mobility. This is what apparently happens when
Na* content increases due to ionization of fixed charges. In
contrast, ionization slightly reduces the CI™ content (see
below), as compared to the neutral polymer, and effective CI~
mobility increases.

3.3. Effective lon Sorption and Transport Character-
istics of the Membrane. 1t is expedient to use the present
results to estimate the effective or average salt transport and
exclusion for the entire membrane, which are those that may be
compared with experiment. The salt exclusion is transparently
analyzed using the salt chemical potential y or salt activity, a, =
exp(p,/kyT), which is related to the activities for univalent
cations and anions a, and a_ and their concentrations in the
membrane C, and C_ as follows:

a, = aa_ = (1,7.)(C,C.) (s)

For simplicity, the factors contributed to ionic activities by
ion—ion interactions, will be ignored as a second-order effect,
placing the focus on ion-membrane interactions, which is what
mainly determines ion partitioning. Thus, as a reference, it is
assumed that in solution 7, ~ y_ & 1 and then a, & ¢, where c,
is salt concentration in solution. Thereby the average product
of activity coefficients in the membrane is given by y,7_ ~ ¢/
(C,C_) and may be estimated from the computed values c, and
of C, and C_ averaged over the membrane. Thus, defined
product y,y_ quantifies overall salt affinity to the membrane
phase relative to solution, i.e., the non-Donnan contributions to
salt exclusion,”***® since salt is overall neutral and the effect of
Donnan potential is canceled out.

For the neutral membrane the product y,y_ has a
straightforward relation to salt partitioning coeflicient, that is,
K, = CJc, = (y,y_)"Y% where C, = C, = C_ is the free salt
concentration in polyamide. Since the membrane is overall
neutral, K, is identical to the non-Donnan salt partitioning
coeflicient. The calculations summarized in Table 3 show that
salt exclusion is relatively weak, K = 0.26 and y,y_ = 15.1. This
is still not as large as the RBS data of Zhang et al.”’ (this may
have the same reason as higher salt permeability discussed
below), but it emphasizes a much weaker exclusion than could
be expected on the basis of physical properties of polyamide.
For instance, one may compare these values to the Born
equation used in the SDE model to describe the ion solvation
contribution to non-Donnan partitioning54’59

Table 3. Values of C,, C, 7,7_, and K; Computed with
Respect to the Charge Content in the Active Part of the
Membrane and Its Volume (See Figure 2)

ionization X [M] ¢ [M] C,[M] C_[M] 7.7 K,
none 0 0.66 0.17 0.17 15.1 0.26
full 0.5 0.93 0.66 0.16 8.1 0.17

Born __ /?'B
v, T exp| —
er (5a)

where r, is the radius of the respective ion, either cation or
anion. Apparently, the so-called Born ionic radii, 0.17 and 0.20
nm for Na* and CI7, respectively, are the most appropriate
choice.”" For Ay of the order of a few nanometers (see section
3.1), this yields y™™ above 10°, meaning K, < 0.001, which
would also be more consistent with impedance spectrosco-

y.60’61 However, as discussed in section 3.1, the actual
mechanism of ion uptake and affinity to membrane reflected in
7.7 is strongly modified by the localized interaction with fixed
charged sites. A high value of Ay then promotes ion uptake
rather than ion exclusion. Notably, the gain in electrostatic
energy per such interaction in units of k3T is of the order Ay/r.,
just as the solvation energy in eq S, but is negative (attraction).
This attractive interaction reduces the solvation penalty and
leads to a weak exclusion, i.e., smaller y,y_.

The picture is only slightly modified for the ionized
membrane. When a genuine fixed charge of density X is
introduced, the mean-field (Donnan) model predicts that the
salt (i.e,, co-ion) uptake should be reduced compared to the
neutral membrane by a factor (1 + (X/2¢,)? 7,y_)"> — (X/
2¢.)(7,7-)""* < 1.>* The values obtained for ionized membrane
and summarized in Table 3 show that, compared to neutral
membrane, K is slightly reduced to 0.18, but y,y_ becomes
smaller as well, i.e., salt affinity to the membrane increases and
partly offsets the effect of X. This might be related to the
contribution of fixed charges to affinity to Na*, expressed by 7,,
since their charge is larger than that of atomic charges, and they
compensate the unfavorable solvation energy to a larger degree.
It is once again stressed that such compensation becomes
possible due to the large value of the Bjerrum length which
leads to localized sorption of mobile charges. These results
seem to be consistent with and can explain relatively large
values of K, and fairly similar uptake of co- and counterions
reported by Zhang et al.*’

The data from Tables 2 and 3 may also estimate the effective
intrinsic ion permeabilities (permeances) P, and P_ of Na* and
CI7, as follows for nonionized membrane:

_ DC. 0263 %107 x0.17

o 0.66

D_C_ _ 0324 x 107 X 0.17
¢ 0.66

S

=832 % 1071 m?/s

By

= 6.76 X 10" m?/s

P =

Similarly, for fully ionized membrane

P = 0.122 X 1077 X 0.66

0.93
0367 X 107 X 0.16
B 0.93

= 8.64 X 107" m?/s

= 6.40 X 107" m?/s
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Taking 6 = 100 nm as a representative thickness these values
may be used to compute the salt permeability @, of an RO
membrane, nonionized

-1

+ = 0.746 X 10> m/s

] .
s s\p. P
and fully ionized,

-1

1 _
+—| =0736x10"3m/s

_ s 2(L
s s\p. P

This may be compared to the typical salt permeability of
dense RO membranes, which is of the order 1077 m/s,% ie.,
about 4 orders of magnitude smaller than present results.

Such a large discrepancy between measured and computed
permeabilities may seem surprising, given the assembled
polyamide composition and computed ion and water uptake
and water permeability agreed with the measured ones. We
believe that this result indicates that the model structure used
here was too uniform and thus largely underestimated the
barrier properties of polyamide toward ions. For instance, for
the given composition a much lower polyamide permeability
could be obtained, if the water-rich cavities were substantially
larger but were fully enclosed by dense polymer. Indeed,
recently, there has been compelling evidence that polyamide
membranes, even the densest ones, may contain a significant
water-filled void fraction;>**® thus, the average composition,
e.g., measured by RBS, may be misleading. Taking the density
maps in Figure 3 as an example, ion-free dense polyamide
fragments encircled with a red dashed line in Figure 3b do not
form a continuous barrier. Thus, ions can travel across the
loosely connected network of water-filled pores relatively fast.
In a real membrane such dense fragments may be much thicker
and form continuous and nearly impermeable barriers between
larger cavities.

One reason why such a structure was not obtained in this
study may be traced back to the limitation on the system size,
time, and anisotropy during polymer assembly, which could
affect the scale and magnitude of compositional fluctuations in
the forming film. The latter are known to correlate with the film
thickness* and were apparently much smaller in the present
case that in a larger real system, resulting in a dramatic
difference in ion permeability. On the other hand, ion-free
fragments are still hydrated and water-permeable (see water
panels in Figure 3b); therefore, there was not such a large
discrepancy for water permeability.

4. CONCLUSIONS

The present study highlights benefits and limitations of MD
simulations for gaining insights and quantitative estimates of
ion uptake and dynamics in polyamide desalination mem-
branes. Simulations demonstrate that the mechanism of ion
uptake distinctly differs from what mean-field approaches
usually assume. In particular, the concept of a smeared Donnan
potential breaks down, and ion sorption on charged sites in the
membrane phase appears to be highly localized, owing to the
dominance of electrostatic forces over translational entropy of
the ions, as indicated by a large Bjerrum length. For this reason,
sorption on partial atomic charges becomes possible, and thus,
co-ion sorption in a charged membrane is greatly enhanced
compared to the Donnan-related models, such as SDE. As a
result, the effect of fixed charges on salt exclusion weakens, and

the difference between neutral and charged membranes become
fairly minor. This mechanism could explain the unexpectedly
high ion uptake measured in polyamide membranes™”*° and
puzzling variations of ion sorption and permeation at low salt
concentrations.” ™

On the other hand, the MD simulations greatly overestimate
ion and salt permeability, despite the observation that the
average chemical composition and water permeability match
well those of genuine polyamide membranes. A likely reason is
the relative uniformity of the model membrane used here, in
which the small scale and magnitude of density and
compositional fluctuations result in a good connectivity of
the water- and ion-rich regions and allow fast ion permeation
past very dense ion-free fragment of polyamide. In real
membranes such dense polyamide may form continuous
barriers that cannot be as easily bypassed through more
permeable regions. In such a case, ion sorption and permeation
will be essentially decoupled. Even when disconnected, looser
regions may significantly contribute to ion sorption, like in the
present simulations, yet they would not contribute as much to
the ion permeation, which will be determined by the dense
barriers.

It may then be of significant interest to assess the water and
ion uptake and permeability of dense polyamide fragments as
more representative of barrier properties of polyamide.
Unfortunately, even for such a large structure as the one
analyzed here, the amount of ions in the dense fragments is too
small for a sensible analysis. This suggests that MD might not
be able to supply all the answers, which may have to rely on
other methods, such as analytical theories and new experiments.
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