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Unlocking the potential of polymeric desalination
membranes by understanding molecular-level
interactions and transport mechanisms
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Polyamide reverse osmosis (PA-RO) membranes achieve remarkably high water permeability and salt
rejection, making them a key technology for addressing water shortages through processes including
seawater desalination and wastewater reuse. However, current state-of-the-art membranes suffer from
challenges related to inadequate selectivity, fouling, and a poor ability of existing models to predict
performance. In this Perspective, we assert that a molecular understanding of the mechanisms that
govern selectivity and transport of PA-RO and other polymer membranes is crucial to both guide future
membrane development efforts and improve the predictive capability of transport models. We
summarize the current understanding of ion, water, and polymer interactions in PA-RO membranes,
drawing insights from nanofiltration and ion exchange membranes. Building on this knowledge, we
explore how these interactions impact the transport properties of membranes, highlighting assumptions
of transport models that warrant further investigation to improve predictive capabilities and elucidate
underlying transport mechanisms. We then underscore recent advances in in situ characterization
techniques that allow for direct measurements of previously difficult-to-obtain information on hydrated
polymer membrane properties, hydrated ion properties, and ion—water—membrane interactions as well
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1 Introduction

Climate change, population growth, and industrialization are
quickly reducing the availability and quality of fresh water
supplies." As early as 2050, water scarcity threatens to be
a reality for nearly 50 percent of the global population for at
least one month per year.” As climate change worsens, histori-
cally marginalized populations lacking geographic mobility,
buying power, or political voice will be disproportionately
affected by water insecurity, reinforcing social, economic, and
health disparities.?

As conventional fresh water resources become less reliable,
technologies to generate water from previously unusable

“Department of Chemical and Biological Engineering, University of Colorado Boulder,
Boulder, CO 80309, USA. E-mail: michael.toney@colorado.edu

*Materials Science and Engineering Program, University of Colorado Boulder, Boulder,
CO 80309, USA. E-mail: chunmei.ban@colorado.edu

‘Renewable and Sustainable Energy Institute, University of Colorado Boulder, Boulder,
CO 80309, USA

“Department of Mechanical Engineering, University of Colorado Boulder, Boulder, CO
80309, USA

‘Department of Civil, Environmental and Architectural Engineering, University of
Colorado Boulder, Boulder, Colorado 80309, USA. E-mail: anthony.straub@
colorado.edu

© 2023 The Author(s). Published by the Royal Society of Chemistry

sources such as seawater and wastewater will be required.
Currently, reverse osmosis (RO) is the most widely implemented
technology to produce fresh water outside of the natural
hydrological cycle via desalination and wastewater reuse.*® RO
is the process of driving water across a semipermeable
membrane against its concentration gradient using an applied
pressure. The concepts underlying RO were first discovered in
the mid-1700s; however, it was not until the mid-1900s that the
process was made energetically viable for commercial desali-
nation with the development of high flux cellulose acetate
membranes.® In the 1970s, thin-film composite (TFC) poly-
amide (PA) membranes were created, achieving remarkably
high water flux and salt rejection while being more durable than
cellulose acetate in variable operating conditions.®

Although PA-RO membranes are widely implemented due to
their excellent separation performance, they also suffer from
long-standing problems that hinder performance’ and lead to
premature membrane failure. Current PA-RO membranes show
inadequate removal of certain compounds, such as low molec-
ular weight neutral solutes, and have a limited ability to achieve
solute-solute selectivity. The membranes are susceptible to
scaling, fouling, and oxidative degradation from disinfec-
tants.'>'* Computationally simulating membrane performance
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is also challenging since existing transport models cannot
accurately predict performance under varied conditions.

It is difficult to address the limitations of PA-RO membranes
with our current molecular-scale understanding of ion/water
transport through membranes.*” Firstly, there is a poor under-
standing of the hydrated structure of PA due to the extremely
thin and heterogeneous nature of PA membranes and the lack
of in situ (hydrated, high pressure) characterization. Further,
our understanding of the mechanisms that control ion trans-
port is insufficient due to the difficulty of probing ion-polymer
interactions in realistic environments. The availability of
powerful experimental, computational, and characterization
techniques has grown in recent years, presenting an opportu-
nity to vastly improve our understanding of the mechanisms
underlying the impressive performance of PA-RO membranes
and to overcome remaining challenges.

The aim of this Perspective is to explore the nanoscale
interactions within a PA-RO membrane by considering how ion,
membrane, and solution properties affect ion-water—
membrane interactions and how these in turn impact the
transport properties of the membrane. The effect of nanoscale
interactions is currently simplified into the phenomenological,
continuum descriptions that are used to explain membrane
performance. By deepening our understanding of these
molecular level interactions, we can better tune them to control
transport behaviour. Nanoscale interactions serve as a bridge
between membrane materials properties (chemistry and struc-
ture) and performance, as these interactions are directly linked
to the ion and membrane properties and determine transport. If
we can elucidate how intrinsic materials properties dictate
interactions and how these interactions result in transport,
then we can advance beyond the empirical, phenomenological
descriptions used in transport models to obtain a deeper
understanding that enables prediction of transport and control
of membrane performance.

Beyond improving our ability to obtain clean water,
a fundamental understanding of ion interactions with soft
matter is relevant to polymer membranes for pharmaceutical
and industrial separations, battery and fuel cell membranes,
materials for pollutant cleanup, greenhouse gas capture tech-
nologies, and targeted therapeutics. We can only realize the
versatility of membranes for advanced separations, energy, and
medicine if we can leverage and control interactions to dictate
performance.

Fig. 1 illustrates
membrane properties to performance. Important membrane
properties include porosity, morphology and polymer chem-
istry, while ion properties include size, shape, charge, and
hydration. Solution properties include composition, tempera-
ture, pH, and pressure (Fig. 1a). Phenomena over multiple
length scales govern the performance of full-scale membrane
modules (Fig. 1b). On the nanometer length scale of ions, water
molecules, and membrane functional groups, ions and the
membrane become hydrated and there are local bonding
interactions. As we zoom out to the scale of membrane thick-

how nanoscale interactions relate

ness, these nanoscale interactions occur within the context of
mesoscale gradients in concentration and potential that drive
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Fig.1 (a) Summary of the properties that give rise to interactions and

govern membrane transport and performance: membrane properties
such as morphology and chemistry; ion properties such as size, shape,
and charge; and solution properties like composition, temperature,
pH, and pressure. (b) Phenomena at many scales govern transport.
Nanoscale interactions occur between ions and polymer groups while
mesoscale gradients develop across the membrane thickness.
Macroscale conditions like module geometry and flow parameters
also affect interactions/gradients. Specifically, nanoscale interactions
provide insight into the molecular level mechanisms behind (c)
membrane function including surface ion partitioning and ion diffusion
through the membrane interior. These transport phenomena dictate
membrane permeability and selectivity performance.

mass transfer in the system. Finally, on the length-scale of
membrane modules, the forces created by interactions and
gradients intersect with macroscale factors, like module
geometry and flow patterns, to determine overall transport. In
this paper, we explore the relationship between nanoscale
interactions and transport. Ion transport will be discussed in
terms of surface and interior regimes, as illustrated in Fig. 1c
since properties and interactions differ in these regions." Ion
transport from the bulk feed solution, through the interface,
and into the membrane is referred to as partitioning while
diffusion is ion transport through the membrane interior.
Transport behaviour in surface and interior regimes can be
used to understand overall membrane performance, typically
evaluated by water permeability and salt selectivity metrics,
where both high permeability and high selectivity, or high
“permselectivity”, are desirable.**™*¢

This Perspective is divided into sections which span
increasing length scales from the intrinsic properties of the
membrane and ionic solution to nanoscale interactions to
measureable performance. We first explore fundamental prop-
erties of ions, membranes, and solutions (Section 2). We then
identify nanoscale interactions that we expect in PA membranes

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and consider how they relate to transport (Section 3). These
nanoscale interactions are then connected to established
transport models and we highlight knowledge gaps that hinder
the development of better technologies (Section 4). Finally, we
offer a perspective on the use of state-of-the-art experimental
and computational techniques to fill knowledge gaps to enable
the discovery and development of improved membranes that
support equitable access to high quality water (Section 5 and 6).
Throughout this paper, we will draw upon theory and experi-
mental data from research on membranes, polymers, and
related materials to better understand interactions in RO
membranes while highlighting the connection between tech-
nical challenges in these fields.

2 Properties

In this section, we will explore the properties, or physical and
chemical characteristics, of the constituents of the ion-water—
membrane system. These properties give rise to the various
nanoscale interactions that will be discussed in subsequent
sections.

2.1 Hydrated membrane

The physical and chemical properties of RO, nanofiltration
(NF), and ion exchange (IX) membranes impact the way they
interact with water molecules and ions, and thus determine
their permselectivity performance. Fig. 2 summarizes the
properties of each membrane type including chemistry,
morphology, and other physical characteristics (crosslink
density, void size, charge density, thickness, and water content).
Here, we only consider the properties of hydrated membranes
as relevant to their operation despite the extensive character-
ization of dry membranes in the literature.

Membrane properties are a result of reagent chemistry and
synthesis conditions. A thin layer of PA, which performs the
separation in RO and NF membranes, is typically synthesized
via the interfacial polymerization of trimesoyl chloride and an
amine monomer on top of a microporous polysulfone support.
The chemistry and structure of the support layer has been
shown to affect the roughness, hydrophilicity, crosslink density,
and morphology of the PA layer.'”'® For RO membranes, m-
phenylenediamine is used as the amino group, forming a highly
crosslinked, fully aromatic film. For NF membranes, piperazine
is generally used, resulting in a less crosslinked film.

The crosslinked portion of a PA membrane contains amide
groups while unreacted regions contain carboxylate, carboxylic
acid, and primary amino (RO) or secondary amino (NF) groups
that give the membrane a slightly negative surface charge and
hydrophilic properties.*>* High crosslinking and high carbox-
ylate density have both been shown to be essential for the
selective performance of PA.*° Studies suggest that two pK,s
exist for carboxyl groups depending on whether they exist at the
membrane surface or in the interior."**"** A pK, at pH 5.5 is
attributed to surface groups that deprotonate similarly to
unconfined carboxylic acid groups. The second pK, at pH 9.5 is
thought to correspond to confined carboxyl groups that do not

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Comparison of membrane properties for reverse osmosis

(RO), nancfiltration (NF), and ion exchange (IX) membranes.?*-3* Units
for fixed charge density are moles of charge per liter of free water in
the membrane. (b) Chemistry and morphology of RO, NF, and IX
membranes. RO and NF chemistry is based on interfacial polymeri-
zation of trimesoyl chloride (TMC) and m-phenylenediamine (MPD) for
RO or piperazine (PIP) for NF. Here only the fully crosslinked chemistry
is shown; in actual membranes, unreacted portions lead to carboxylic
acids, carboxylate, and amino groups in place of some amide groups.
IX chemistry of a traditional Nafion membrane is shown3* The
morphology of RO, NF and IX membranes vary on the nm length scale.
Adapted from ref. 35 and 36.

deprotonate as easily as a result of decreased dielectric constant
or decreased pH in the membrane interior.

In addition to chemistry, membrane morphology impacts
performance, but there is disagreement in literature about the
structure of PA membranes and the existence of fixed (ie.,
static) pores or voids.***”** With respect to transport models,
RO membranes are generally considered to be nonporous or
“dense” and transport is expressed by a single permeability
coefficient and concentration gradient.’” At a molecular level,
the “dense” membrane assumption implies that voids (really
fluctuating free volume elements) develop and disappear as
species diffuse through the voids. However, some work has
argued that voids are “permanent”—or more accurately long-
lived compared to diffusional timescales—describing these
permanent voids as tunnels that continually swell and contract
in response to external stimuli such as water activity and solu-
tion composition.*® Polymer chain dynamics play a key role in
the fluctuation of free volume elements, but this area has lacked
research attention. Herein, we refer to water-filled spaces
between polymer chains as voids or pores to be consistent with
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past work, but this does not imply straight, cylindrical, or even
long-lived pores.

RO membranes are generally characterized by their very high
crosslink density, small void size (0.1-1 nm), low charge
density, small thickness (100-300 nm), and low water sorption
(Fig. 2a).>***%* Water uptake has been reported as low as 12-
14 wt% based on quartz crystal microbalance (QCM) measure-
ments*»** but more commonly has been reported between 20
and 28 wt% based on weight gain upon hydration, gravimetric
sorption analysis, and reports from commercial membrane
manufacturers.***®

Studies on the morphology of PA-RO membranes have
identified a distinct ridge-and-valley structure with ballooning
features suspected to originate from reaction-diffusion insta-
bilities during interfacial polymerization (Fig. 2b).>*** Culp et al.
used electron tomography to determine that the peaks of ridged
features on the PA are high density regions compared to the
valleys of the film.*® These authors also generated three-
dimensional density maps of PA to show that structural inho-
mogeneities create tortuous flow paths for water. It was found
that a thick membrane with a uniform low density (above
a critical density) is optimal for high permselectivity perfor-
mance since water experiences a more linear flow path. In such
membranes, the hydrophilic functional groups, highly cross-
linked nature of PA, and smaller size of free volume elements
lead to high water permeability and nearly complete removal of
dissolved solutes, including monovalent ions.

NF membranes generally have lower crosslink density, larger
void size (0.5-2 nm), higher charge density, and lower thickness
(20-40 nm) than RO membranes.”*>® NF membranes tend to
have a higher water content than RO membranes, with QCM
measurements showing measured values of 25 wt%.*> However,
additional water sorption measurements for NF membranes
could not be found in the literature and, based on the relatively
low water contents obtained by QCM compared to other tech-
niques for RO membranes, we expect water sorption by NF
membranes to be at least 25 wt%. NF morphology is similar to
RO but films tend to be less crosslinked, thinner, and smoother,
resulting in higher water permeabilities and lower salt rejec-
tions than RO membranes.

IX membranes are known for their high charge density, large
thickness, and swelling behaviour.”*-** IX membranes are typi-
cally synthesized by solution casting and subsequent phase
inversion, resulting in thicker, more porous polymers. The
morphology of an IX membrane is heterogeneous with aggre-
gated charged polymer domains and swollen solvent channels
for ion transport.** Although chemistries vary, a typical IX
membrane, Nafion, consists of fluorinated carbon chains and
a high density of sulfonic acid end groups.* The highly charged,
swollen nature of IX membranes allows them to selectively
transport cations or anions in flow batteries, fuel cells, and
electrodialysis for desalination.

Although we understand the general properties of desalina-
tion membranes, the exact nanoscale membrane structure and
its relation to performance are still unclear. Typical measure-
ments to characterize membrane properties include atomic
force microscopy (AFM) for roughness and topography, contact
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angle for hydrophilicity, and X-ray photoelectron spectroscopy
(XPS) for composition and crosslink density. It has proven
challenging to evaluate local morphology and chemistry and
their implications for performance using these techniques. For
example, AFM imaging is unable to capture the structural
complexity of the folded balloon-like structures that form the
surface of the film since much of the topography is hidden by
other features.”* Consequently, it is unclear if surface hetero-
geneity is advantageous for PA performance. Membrane
roughness is thought to increase the surface area for water
transport and fixed surface charge groups for ion rejection.
However, surface roughness has also been linked to increased
fouling and Culp et al. propose that the high mass-density of
surface polyps make them “dead-regions” for transport.>?

2.2 Hydrated ion

Ions interact with polymers and transport through membranes
differently depending on their physical and chemical proper-
ties. Here we focus on ion properties like size, charge and
hydration as they relate to ion interactions in solution and ion
selectivity by the membrane. Ions are surrounded by solvation
shells of various strength, size, and even shape that influence
their subsequent interactions and transport. Ionic radii vary
significantly depending on how ion size is determined. Bare ion
radius represents the ion without an associated hydration shell,
while hydrated ion size includes the oriented water molecules
surrounding an ion. Another common representation of ion
size is the empirically determined Stokes-Einstein radius that
calculates the size of a hard sphere that diffuses at the same rate
as the ion and is based on ion diffusivity and solvent viscosity.>

Table 1 illustrates the relative importance of ion hydration
for various ions by comparing their bare, hydrated, and Stokes-
Einstein radius and Born solvation energy.**** A highly charged
ion with a small ionic radius, like Mg>*, can have a large
hydrated radius, strong solvation energy, and the diffusion
behaviour of a much larger ion according to its Stokes—-Einstein
radius. Conversely, a weakly charged ion with a large ionic
radius, like K, has the diffusion behaviour of an ion more
similar in size to its unhydrated state due to its weak solvation
shell. Regardless of the method of ion radius determination,
ions are typically treated as hard, spherical, non-interacting
particles in transport expressions.>® However, hydration struc-
tures not only influence the steric hindrance of an ion by
increasing its size but also screen its charge, affecting subse-
quent interactions with other ions and polymer functionalities.
Furthermore, understanding the impact of solvation on inter-
actions and transport requires a more nuanced picture of ion
hydration, especially within the membrane.

Biologists have extensively studied ion properties and
interactions with biomolecules, and these insights can be
leveraged to better understand the behaviour of ions as they
relate to polymer membranes. Ions and other charged groups
are split into two empirical categories based on their intrinsic
properties and their tendency to interact with different mate-
rials.** Small, strongly hydrated ions are known as kosmotropes.
These ions, also called “structure makers”, break up the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Radii and solvation free energies for common ions in seawater and brackish water. lonic radii were determined by various methods.*°4*
Hydrated radii were obtained from simulated and experimental radial distribution functions.**4? lonic and hydrated radii were averaged from
different sources and given with their standard deviations (+) and compared to calculated Stokes—Einstein radii.** Finally, Born free energies of

solvation were obtained from the literature*?

Hydrated radius

Stokes—-Einstein Born solvation

Ion Tonic radius (A) (A) radius (A) energy (kcal mol %)
Na* 1.0 £ 0.4 3.0+ 0.9 1.8 —87.2
K" 1.4+ 0.1 3.1+04 1.3 —-70.5
Mg>* 0.7 £ 0.1 3.2+ 16 3.5 —437.4
ca* 1.0 £ 0.1 32+1.2 3.1 —359.7
cl- 1.8+ 0.1 2.8+ 0.8 1.2 —81.3
S0, 2.3 3.3+0.1 2.3 —258.1

hydrogen bond network in water in favour of electrostatically-
induced orientation of water around the ion. Kosmotropes
also interact strongly with charged groups and surfaces. On the
other hand, chaotropes are large, weakly hydrated ions, also
called “structure breakers”, which have weak interactions with
water and other polar species. In general, chaotropic ions have
sizes more similar to their unhydrated state in solution, while
kosmotropes behave like larger ions and move with their
hydration shells intact. This is illustrated in Fig. 3 that shows
how typical anions and cations are ranked from kosmotropes to
chaotropes. We note that this ranking follows the Hofmeister
series, dating back to 1888,* and used to describe ion-specific
trends in biology.>***-*

Recent studies suggest that beyond hydration, ion size,
charge, and shape (molecular ions) are important to ion-poly-
mer interactions and transport, warranting further investiga-
tion.>® Work on PA and IX membranes has generally found that
transport behaviour is dominated by ion hydration strength.®-**
However, these studies have tested a limited range of ions and
experimental conditions such as pH and concentration that
affect ion-specific phenomena in biological systems.**** A
recent paper by Ritt et al., studying cellulose acetate membranes
and monovalent sodium salts, showed that ion hydration
energy was only weakly correlated to the overall ion free energy
and the resulting permeability-selectivity performance of the
membrane.*® Entropic considerations and electrostatic inter-
actions were reported to be more influential to overall perfor-
mance than hydration.

Kosmotrope < » Chaotrope

(strongly hydrated) (weakly hydrated)
ICO;’ SO42’ FF CF Br NO; C|O4’I
Anions
Mg* Ca* Li* Na* K* Cs* NH/*
| Cations |

Fig. 3 Kosmotrope to chaotrope classifications for anions (top) and
cations (bottom). These are ordered in accordance with the Hof-
meister series.

© 2023 The Author(s). Published by the Royal Society of Chemistry

2.3 Solution

Operating conditions can alter the properties of ions and
membranes and affect subsequent ion-water-membrane
interactions. While membrane and ion properties can be
studied independently, consideration of solution properties—
such as composition, solvent, temperature, pH, and pressure—
is important as membranes encounter a wide range of feed
solutions.

Even in the ideal case of a single salt solution, concentration
acutely impacts rejection. High concentrations significantly
increase salt permeability which is attributed to ions saturating
membrane fixed charges and reducing the membrane charge
density and the subsequent repulsion of ions.*®* High ion
concentration can also increase cation-anion interactions
through ion pairing within the membrane.** Low ion concen-
trations may result in complicated ion interactions with the
membrane despite the common assumption that dilute solu-
tions behave ideally.>® However, polyelectrolyte studies have
shown that ions do not behave ideally at low concentrations,
and IX studies have found poorer agreement between models
and experiments at low concentrations.®**” The non-ideal
behaviour observed in dilute solutions could be explained by
strong ion-polymer interactions and ion complexation with
multiple functional groups due to reduced charge screening of
membrane functional groups by other ions.*

Realistic feed waters contain a mixture of different solutes,®
resulting in interactions between solutes and competition for
membrane functionalities. In complex feed waters, there is
a finite concentration of membrane functional groups that
hydrogen bond with water molecules and/or interact electro-
statically with the ions. Interactions between ions and func-
tional groups depend on membrane charge and membrane
hydration which will vary depending on the amount of ions and
water molecules that screen charged groups.

Higher temperatures increase water and ion permeability,
which has been attributed to decreased solution and polymer
viscosity.* The increase in ion diffusivity is likely due to higher
thermal kinetic energy of ions that enables desolvation and
reduces transport resistances caused by attractive interactions
with polymer groups. A recent study found that small, strongly
hydrated Li" had a lower permeability through PA than larger
ions, K" and Cs', at low temperatures but a higher permeability
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at elevated temperatures when dehydration is more facile. This
suggests that ion dehydration can be a rate limiting step to ion
transport but this likely depends on other operating condi-
tions.® Higher temperatures also result in increased motion of
polymer chains that increase the void dynamics during trans-
port, increasing both water and ion permeation. However, the
relationship between polymer chain dynamics, the nature of
voids, and transport remains unknown.

pH determines the extent of dissociation of functional
groups, membrane charge, and ion speciation in solution.” The
protonation of functional groups at the membrane surface and
in the interior determines the membrane charge and whether
hydrophobic or electrostatic forces dominate.”> In PA-RO
membranes, increased pH has been shown to significantly
increase salt rejection due to stronger electrostatic repulsive
forces between anions and negatively-charged membrane
functionalities."

Applied hydraulic pressure results in membrane compaction
while providing a driving force for water and solute transport.
There is some evidence that pressure increases salt permeability
despite higher transport resistance from membrane compac-
tion.**”* Pavluchkov et al., compared ion permeability through
membranes with and without applied pressure.®> In unpres-
surized diffusion experiments, it was shown that ion perme-
ation increased with decreasing hydrated ion radius. When
pressure was applied, ion permeability increased three-fold and
the cation selectivity order was reversed: the ion permeation
increased with decreasing dehydrated ion radius. This suggests
that pressure-assisted ion dehydration occurs.

Although this Perspective focuses on water, the solvent has
a significant influence on how ions and polymers behave in
solution. The polarizability of a solvent influences the solvation
shell size of an ion and the solvation of the polymer. Differences
in permittivity and polarizability between the solvent and
membrane surface determine where ions favourably accumu-
late. For example, in solvents with relatively low polarizability
like water, polarizable ions have a stronger tendency for
a charged surface.*

3 Interactions

In this section, we explore the nanoscale interactions that occur
as ions and water molecules partition into and diffuse through
the membrane. Consideration of ion, membrane, and solution
properties discussed above will aid in understanding these
interactions. Multiple interactions compete to determine the
transport of ions and resulting membrane performance, which
will be discussed in Section 4. In this section, we assume
a negatively charged membrane so that the anion is the co-ion
(same charge as membrane) and the cation is the counter-ion
(opposite charge as membrane).

Fig. 4 illustrates the competing interactions and driving
forces that an ion experiences as it moves out of the bulk feed
solution, partitions into the membrane surface, and diffuses
through the membrane interior. The membrane surface and
interior have distinct properties that influence the hydration in
each regime and cannot be described by average properties. Ion
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Fig. 4 Interactions that an ion experiences as it moves from the feed
solution into the (negatively charged) membrane. In the bulk solution,
(a) dissociation of cation—anion pairs pose an energetic barrier to
partitioning into the membrane, while (b) an applied hydraulic pressure
is a driving force for water and ion transport. At the surface, (c) anion
repulsion from the negatively charged membrane and (e) partial ion
dehydration present energy barriers to membrane entry, while (d)
attractive cation—-membrane interactions partially offset these repul-
sive forces. In the membrane interior, (f) reorganization of an ion's
hydration shell as it traverses the heterogeneous void network and (g)
interactions with charged membrane groups present resistances to
diffusive transport. Finally, the (h) concentration and (i) potential
gradients created between the feed and permeate side of the
membrane create driving forces for ion transport while a (j) dielectric
gradient from the bulk solution through the membrane poses an
additional transport energy barrier.

partitioning at the membrane surface is determined by
a solute's local environment in the bulk solution versus in the
membrane including association with other ions (Fig. 4a),
hydration state (Fig. 4e), and attractive/repulsive interactions
(Fig. 4c and d). Note that ion-polymer interactions may have an
opposite effect on transport at the membrane surface compared
to inside the membrane interior. For example, attractive cation—
polymer interactions stabilize ions at the membrane surface
(Fig. 4d), increasing ion partitioning, but create resistances as
ions move through the membrane (Fig. 4g), slowing ion diffu-
sion. Meanwhile, gradients across the membrane create addi-
tional driving forces to transport (Fig. 4b and h-j).

3.1 Water-membrane

The interactions between the polymer and water molecules in
the membrane determine the dielectric and electrostatic envi-
ronment that ions experience, affecting the ion-polymer inter-
actions and transport in the system. Water in the membrane is
currently described in terms of average properties such as water
sorption, membrane degree of hydrophilicity, and average
dielectric constant.”” However, this approach does not account
for the known polymer heterogeneity. Here, we discuss the
limitations of this averaging, using PA as an example, and
outline a path towards a more realistic picture of water within
the membrane and the fluctuating voids.

The membrane surface and interior have distinct properties
that influence the hydration in each regime and cannot be
describ