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Mechanisms and models for water transport in
reverse osmosis membranes: history, critical
assessment, and recent developmentsf
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Water scarcity is one of the greatest societal challenges facing humanity. Reverse osmosis (RO)
desalination, a widely used membrane-based technology, has proven to be effective to augment water
supply in water-stressed regions of our planet. However, progress in the design and development of RO
membranes has been limited. To significantly enhance the performance of RO membranes, it is essential
to acquire a deep understanding of the membrane separation and transport mechanisms. In this tutorial
review, we cover the pivotal historical developments in RO technology, examine the chemical and
physical properties of RO membrane materials, and critically review the models and mechanisms
proposed for water transport in RO membranes. Based on recent experimental and computational
findings, we conduct a thorough analysis of the key transport models—the solution—diffusion and pore-
flow models—to assess their validity for accurately describing water transport in RO membranes. Our
analysis involves examining the experimental evidence in favor of the solution—-diffusion mechanism.
Specifically, we explain whether the water content gradient within the membrane, cited as evidence for
the key assumption in the solution—diffusion model, can drive a diffusive transport through RO mem-
branes. Additionally, we review the recent molecular dynamics simulations which support the pore-flow
mechanism for describing water transport in RO membranes. We conclude by providing future research
directions aimed at addressing key knowledge gaps in water transport phenomena in RO membranes,
with the goal of advancing the development of next-generation RO membranes.

(1) Historical timeline of the development of desalination membranes for reverse osmosis.
(2) Chemical and physical structure of reverse osmosis membranes.

@

)
)
@
)

All the models, theories, and mechanisms that have been proposed to describe water transport in reverse osmosis membranes.
Revisiting the solution-diffusion model and analyzing its associated experimental results.

(5) How recent experimental and computational studies support a pore-flow mechanism for water transport in reverse osmosis membranes.

“ Department of Chemical and Environmental Engineering, Yale University,
New Haven, Connecticut 06520-8286, USA. E-mail: menachem.elimelech@yale.edu
® Department of Mechanical and Aerospace Engineering,

1. Introduction

Water scarcity—when the demand for water surpasses the
available supply—is one of the pressing societal challenges of
our time."? Freshwater, the most precious substance in our
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tion growth, urbanization, and climate change exacerbate water
scarcity in many parts of the world.>™ At the core of addressing
the water scarcity challenge, seawater desalination and water
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viding an adequate water supply.” Reverse osmosis (RO)
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desalination, a membrane-based separation technology, is
the most commonly used technology to secure additional
freshwater supply and meet the ever-increasing demand in
water-stressed regions all over the world.®® Today, RO-based
desalination plants alone account for about 70% of the global
desalination capacity.’

The first municipal RO plant, built in 1965, produced 5000
gallons of freshwater per day to the residents of Coalinga,
California.’® This early RO plant utilized a cellulose acetate
membrane, an asymmetric polymeric membrane that was
invented by S. Loeb and S. Sourirajan in 1960."' However,
RO technology owes its success in part to the development
of highly permeable thin-film composite (TFC) membranes by
J. Cadotte in the early 1970s.”'* These TFC membranes are
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made of a thin polyamide layer on top of a porous support
layer.>'* Separation of water molecules from other species
(e.g., salt ions) occurs within the thin polyamide layer."?
Because of their superior desalination performance over cellu-
lose acetate membranes, TFC membranes have become the
gold standard for RO applications."?

Despite the dominance of TFC membranes in desalination
technology, their performance is hindered by some inherent
properties of the thin active layer,” most notably the lack of
control of pore size uniformity which results in the perme-
ability-selectivity tradeoff,>'* propensity for fouling,"> and
degradation in the presence of oxidants.'® Over the past few
decades, extensive research has been carried out to improve the
performance of these membranes. According to the records of
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Web of Science, more than 20 000 research articles (including
proceeding papers) have been published in the area of reverse
osmosis since 1970. Over 75% of these articles have been
published since 2010, showing how RO-related research efforts
have been intensified in recent years. Despite these efforts,
advances in the development of membrane materials have
remained limited, relying primarily on trial-and-error
approaches, with little regard for the mechanism of water
and salt transport.®'”"'® Substantially improving RO technology
through redesigning TFC membranes or developing next-
generation membranes requires a fundamental understanding
of water and salt transport mechanisms.

Two types of mechanisms were proposed to describe water
transport in RO membranes. The first is the pore-flow (PF)
model where water transport inside the membrane is driven by
a pressure gradient. The second is the solution-diffusion (SD)
model where water transport is governed by diffusion down a
concentration gradient. Since the birth of RO technology, a
debate has erupted over which model represents the true
mechanism of water transport.'® By the late 1970s, the SD
model had become the widely accepted mechanism for water
transport in RO membranes.'® However, recent findings appear
to challenge the SD model’s key assumptions in describing
water transport through RO membranes. Therefore, there is a
critical need to revisit the models, theories, and mechanisms
for describing water transport in RO membranes.

In this tutorial review article, we first provide a chronologi-
cal timeline of the key historical developments relevant to RO
technology, from the discovery of osmosis in the 18th century
to the development of the recent models for transport in RO
membranes. We then describe the chemical and physical
structure of RO membrane materials and relevant analytical
characterization techniques. Next, we review the key models
and mechanisms that have been developed to describe water
transport in RO membranes. In light of the recent experimental
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and computational findings, we provide an in-depth analysis of
these proposed transport models, determining which model is
appropriate for describing water transport in RO membranes.
We conclude our analysis by proposing future research direc-
tions, thereby guiding the future design and development of
next-generation membranes.

2. Historical background and model
classification

Osmosis, which is described in Fig. 1A, was first discovered by
the 18th-century French physicist Jean-Antoine Nollet."> More
than a century later, it was Wilhelm Pfeffer’® who devised a
method to conduct the first experiment measuring osmotic
pressure across a membrane. These early measurements of
osmosis were then used by van’t Hoff*' as the foundation for
developing the theory of solutions in 1886. In this theory,
solutes are assumed to behave like gas particles where the
osmotic pressure is proportional to the molarity of the solution.
van’t Hoff>' proposed a mechanism for osmosis where the
osmotic pressure was assumed to be produced by one-sided
bombardment of the membrane by solute molecules. He later
abandoned the bombardment mechanism, stating that the true
mechanism of osmosis was irrelevant as the osmotic pressure
does not depend on the nature of the membrane.** According
to Ferry,”® who wrote a comprehensive review on ultrafilter
membranes in 1934, the early proposed transport mechanisms
were mostly based on mechanical sieving where small compo-
nents of the solution are able to diffuse or flow through pores of
the membrane. However, treating semipermeable membranes
purely as mechanical sieves is a crude simplification consider-
ing that different types of interactions (e.g., Coulombic inter-
actions) exist between the solution and membrane.

At osmotic equilibrium (Fig. 1B), a hydrostatic pressure is
established to stop the passage of the solvent by osmosis. This
pressure is known as the osmotic pressure. When a pressure
higher than the osmotic pressure is applied to the high
concentration side, the solvent transport is reversed in a
process known as reverse osmosis (Fig. 1C). The idea of utiliz-
ing reverse osmosis as a method to desalinate seawater was first
proposed by C. E. Reid in 1953.>* Prior to this, however, G. L.
Hassler proposed the same idea in an unpublished document
in 1950.>° C. E. Reid’s work was supported by the Office of
Saline Water of the United States Department of the Interior.**
As a result of this funded program, C. E. Reid and E. K. Breton
were able to discover cellulose acetate as a membrane material
that possesses the semipermeable properties required for pro-
ducing fresh water from saline water.”® This was done by
employing a trial-and-error approach where the semiperme-
ability of 19 different membranes was examined. These symmetric
membranes, however, produced very low water fluxes, rendering
them unsuitable for practical desalination applications.

A parallel research program at the University of California,
Los Angeles, was initiated by S. T. Yuster, with the goal to
produce a practical reverse osmosis membrane.”” In 1960,

Chem. Soc. Rev,, 2023, 52, 8455-8480 | 8457
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Fig. 1 Schematic representation of (A) osmosis, (B) osmotic equilibrium, and (C) reverse osmosis. Osmosis processes require a semipermeable
membrane (shown in red) that is selective to certain components of a solution. In salt water, water can move across the membrane, while ions (shown in
green and purple) are rejected. In osmosis (A), water moves from the freshwater side of the membrane into the salt water as a result of a difference in
water concentration across the membrane. As water passes through the membrane, a hydrostatic pressure is developed in the salt water. Eventually,
in osmotic equilibrium (B), the hydrostatic pressure reaches the pressure required to stop the net passage of water. This pressure is known as the osmotic
pressure. An applied pressure higher than the osmotic pressure reverses the water passage and water starts to move from the salt water side of the
membrane into the freshwater. This process is known as reverse osmosis (C).

S. Loeb and S. Sourirajan'"*® from Yuster’s laboratory devel-
oped the first technique for preparing asymmetric cellulose
acetate membranes with sufficiently high water permeabilities
to attract industrial interest. Following the breakthrough dis-
covery of the asymmetric cellulose acetate membranes, the
Office of Saline Water of the US Department of the Interior
intensified research for addressing the knowledge gaps in our
phenomenological understanding of transport and selectivity
in such membranes. In addition, these developments led to the
birth of membrane-related journals such as The journal of
Applied Polymer Science in 1959, Desalination in 1965, and later,
The Journal of Membrane Science in 1976.>

Two general classes of models have been proposed to
describe transport in RO membranes. The first class is based
on irreversible thermodynamics,?® which treats the membrane
as a black box where no information about the molecular
mechanism of transport and microstructure of the membrane is
required. The second class of models assumes a specific transport
mechanism and subsequently derives expressions for water and
solute fluxes based on the proposed mechanism. Within the
second class, two transport mechanisms based on viscous pore
flow and molecular diffusion have been assumed to formulate
their associated models (i.e., the pore-flow model and solution—
diffusion model) for describing transport in RO membranes.

The pore-flow model assumes that water flow is driven by a
pressure gradient within the membrane. Lonsdale and
coworkers,*® in their progress report to the Office of Saline
Water in 1964, argued against the pore-flow model. They
argued that in porous membranes, like ultrafiltration, the salt
rejection decreases with increasing salt concentration due to
charge screening, or as we understand nowadays due to
reduced Donnan exclusion. Since cellulose acetate membranes
have a high degree of ion rejection even at high salt concentra-
tions, they argued that the pore sizes would have to be very
small (i.e., on the order of the Debye length which is less than
0.5 nm for seawater), thereby not consistent with membranes

8458 | Chem. Soc. Rev, 2023, 52, 8455-8480

having a pore structure.’® Following this line of argument,
Lonsdale and coworkers®' proposed the solution-diffusion
model which assumes molecular diffusion down a water concen-
tration gradient within a non-porous membrane. Lonsdale and
coworkers® did not explain how a water concentration gradient is
established within the membrane and what the role of the applied
pressure is. Later in 1970, Paul and Ebra-Lima®* mathematically
incorporated the concept of pressure-induced concentration gra-
dient into the solution-diffusion framework by assuming that the
pressure within the membrane remains uniform. In the following
sections, we thoroughly review these transport models.

With apparent experimental evidence in favor of the SD model
provided by Rosenbaum and Cotton®* and Paul and Ebra-Lima,**?**
the SD model for water transport became widely accepted by the
scientific community in the late 1970s.>® These experiments, which
are critically challenged in Section 8.1, claimed that a water
concentration gradient exists within a membrane and that the water
flux changes non-linearly at high applied pressures, consistent with
the SD description. In 1995, the SD model was revisited by Wijmans
and Baker,® where an equation was derived for the salt flux in
addition to the solvent flux equation given by Paul and Ebra-Lima.*?

Despite the wide acceptance of the SD model, recent experi-
mental and computational studies have challenged the core
assumptions of the model.*® For example, advances in electron
microscopy led to discovery of interconnected sub-nanometer
pores in fully-aromatic polyamide RO membranes.’”™*' Posi-
tron annihilation lifetime spectroscopy (PALS) revealed the
average size of these pores in the polyamide RO membranes
to be around 4-5 A and 7-9 A.**** The presence of such pores is
not consistent with the assumption of dense, non-porous SD
membranes. Additionally, recent molecular dynamics (MD)
simulations suggest that water molecules move through inter-
connected “pockets” inside the polyamide membrane without
being dispersed.">*****> In marked contrast to the SD model,
these simulations®® further show that water flux follows a linear
relationship with pressure and water is driven by a pressure

This journal is © The Royal Society of Chemistry 2023
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gradient within the membrane. These simulations are reviewed
in detail in Section 8.2.

In the absence of an accurate model to describe transport in RO
membranes, Biesheuvel, Elimelech, and coworkers*®™° developed
a pore-flow transport model based on force balance on the
solution species as they pass through RO membranes. This model,
known as the solution-friction (SF) model, describes the coupled
transport of water and ions. This approach is advantageous over
Darcy’s law, which is widely used for the pore-flow mechanism and
only describes flow of water in RO membranes. More details about
Darcy’s law and the SF model are discussed in Sections 6 and 7.

A historical timeline of the developments discussed in this
section is illustrated in Fig. 2.

3. Chemical and physical structure of
reverse osmosis membranes
3.1 Chemical structure

State-of-the-art reverse osmosis (RO) membranes can be cate-
gorized into two main types: asymmetric cellulose acetate (CA)

View Article Online
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membranes and thin-film composite (TFC) membranes.’" CA
membranes are fabricated through a process known as non-
solvent induced phase separation (NIPS), which involves the
controlled precipitation of a dissolved polymer to create a
porous membrane structure (Fig. 3A). In this process, a casting
solution containing CA polymer and an organic solvent is
spread as a thin film on a smooth substrate, followed by
immersion in a non-solvent (typically water) to induce phase
separation.’® The resulting membranes exhibit a typical asym-
metric structure, with a dense layer on top of a porous bottom
layer. Notably, the entanglement of CA polymer chains results
in free volume or pore network within the dense layer. This free
volume governs the water permeance and water-salt selectivity
of the CA membranes.

TFC membranes are fabricated through interfacial polymer-
ization (Fig. 3B), which allows for the facile synthesis of an
ultrathin selective layer.'® During this process, a porous sup-
port membrane is first immersed in an aqueous solution of
diamine, most commonly m-phenylenediamine (MPD). The
impregnated support layer is then brought into contact with
an organic solution of acyl chloride—trimesoyl chloride (TMC).

Discovery of osmosis
in natural membranes

Reid suggested to use RO for water
desalination to the Office of Saline

Kedem and Katchalsky developed a
membrane trasport model based on

by Nollet'™ Water of US Department of Interior* irreversible thermodynamics®
A A
- — - Loeb and Sourirajan produced the
[Theory of partial solubility | | van't Hoff introduced ] first asymmetric RO membrane
(TPS) by L' Hermite? theory of solutions®' from cellulose acetate polymer

4 4
[17405 518505 JP1880s Lo

A
2D D

Ferry credited L'Hermite with TPS
as an alternative mechanism to
the well-accepted mechanical
sieving transport mechanism?

Y
Reid and Breton investigated potential use of
cellulose acetate for desalination membranes.
In addition, they proposed alignment-type and
hole-type diffusion mechanisms for transport
in cellulose acetate membranes?®

Meares claimed that 99%
of water transport occurs
via viscous flow'”’

Yasuda and coworkers suggested a
diffusive mechanism for low water
content in polymeric membranes'® A

Biesheuvel, Elimelech, and coworkers
developed the solution-friction model***°

I A

Sourirajan proposed
a pore-based flow
mechanism’®

Paul and Ebra-Lima suggested concentration
gradient in the SD model can be induced by
the pressure difference if the pressure is
constant within the membrane*

2D

2 > %

| >
{

water concentration gradient in

Rosenbaum and Cotton measured
stacked cellulose acetate films*: [

Wijmans and Baker revisited the
key models of RO transport®

Y

Lonsdale and coworkers proposed the solution-diffusion

mechanism based on Fick’s law and TPS. They did not
explain how a concentration gradient is developed?®'

Positron annihilation spectroscopy
(PALS) was applied to RO membranes
where sub-nano pores were found*#*

Fig. 2 Historical timeline of the development of transport models and membrane materials for reverse osmosis processes.
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Fig. 3 Fabrication procedures for two state-of-the-art RO membranes. (A) A schematic representation of phase inversion by non-solvent induced
phase separation (NIPS) to form asymmetric cellulose acetate (CA) RO membranes. A casting solution consisting of polymer and organic solvent is cast
on a smooth substrate as a thin film, followed by immersion in a non-solvent (mostly water) to induce phase separation. The resulting membrane exhibits
an asymmetric structure, comprising a dense top layer and a porous bottom layer. Entanglement of CA polymer chains generates free volumes (i.e., pore
network) in the top layer. (B) A schematic diagram of interfacial polymerization for fabricating thin-film composite (TFC) polyamide RO membranes.
m-Phenylenediamine (MPD) in aqueous phase diffuses to the water/organic solvent interface and reacts with trimesoyl chloride (TMC) to form a dense

polyamide film. The polyamide comprises both crosslinked and linear segments, leading to interchain and intrachain voids for mass transport.

The immiscible water and organic solvent create an interface
where a polycondensation reaction between MPD and TMC
takes place, forming a thin layer of polyamide. As shown in
Fig. 3B, the polyamide layer has a heterogeneous chemical
structure consisting of a fully crosslinked portion with three
amide linkages (i.e., “m’” segment with a chemical structure of
C1sH;,N;03) and a linear portion with a free pendant carboxyl
group (ie, “n” segment with a chemical structure of
C15H;0N,0,). The crosslinked structure results in different pore
structures, namely intrachain network pores and interchain
aggregated pores. The networks constitute small pores gener-
ated within each polymer aggregate, while the aggregated pores
are large chain-to-chain spaces between the aggregates contain-
ing crosslinked network pores.**>?

3.2 Physical structure and pore characteristics

Owing to significant challenges in analyzing the internal struc-
ture of RO membranes, previous studies assumed a non-porous
structure of RO membranes.'®*> Consequently, permeation of
solutes and solvent through RO membranes was traditionally
described by the solution-diffusion model, which assumes the
absence of pores in RO membranes.'®*> However, recent
advances in characterization techniques have provided valuable
insights into the internal structure of RO membranes,”**>
revealing the existence of a pore network in the membrane
active later. These findings are vital for understanding the

8460 | Chem. Soc. Rev, 2023, 52, 8455-8480

water and solute transport mechanisms, as well as for guiding
the design of high-performance membranes.

Positron annihilation lifetime spectroscopy (PALS) is a
powerful tool for probing the free volume structure of poly-
amide membranes (Fig. 4A).*>**** During the measurement,
low-energy positrons are injected into the polyamide layer,
where each positron combines with an electron to form an
electron-positronium (0-Ps) ion (left panel). These o-Ps ions
accumulate in electron-deficient regions, such as free volume
and pores, and undergo a slow self-annihilation process with a
long lifetime. In electron-rich regions occupied by the polya-
mide matrix, the o-Ps ions interact with surrounding molecu-
larly bound electrons, leading to a rapid annihilation process
with a short lifetime. By correlating the lifetime of the injected
positrons with the void size, PALS can provide valuable infor-
mation on pore structure, such as size, distribution, and film
thickness (middle panel). Using this technique, studies
revealed a bimodal distribution of free volume radii (right
panel), corresponding to the smaller intrachain network pores
(radius of ~2.0 A) and the larger interchain aggregated pores
(radius of ~4.0 A).*3"3

Following the insights on pore size distribution, wide-angle
X-ray scattering (WAXS) has been employed in recent years to
investigate the molecular-level pore structure (Fig. 4B).”® Mea-
surements were conducted by exposing a polyamide film to
incident X-rays, with scattered signals subsequently collected
by a detector (left panel).>” Analysis of two-dimensional (2D)

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Emerging techniques for determining pore or free volume structure of RO membranes. (A) Positron annihilation lifetime spectroscopy (PALS).
Injected low-energy positrons combine with an electron to form an electron-positronium (o-Ps) ion (left panel). These o-Ps ions undergo an annihilation
process with the material matrix. By correlating the lifetime of the injected positrons with the void size (middle panel), PALS can reveal pore
size distribution of the selective layer. A representative bimodal pore size distribution for polyamide TFC membranes (right panel). (B) Wide-angle
X-ray scattering (WAXS). A membrane film is exposed to incident X-rays and scattered signals are detected by a 2D detector (left panel). Analysis of
the 2D WAXS pattern (middle panel) reveals different stacking arrangements of aromatic rings in the polyamide network (right panel), corresponding to
"n-n" parallel structure (with a distance of 3.5 A) and “T-shaped"” orthogonal structure (with a distance of 5.2 A). Figure in the middle is adapted
with permission from ref. 56 American Chemical Society. (C) Three-dimensional (3D) tomography. Schematic illustration of tomography analysis
using high-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) (left panel). A sample film is tilted at different angles to
collect a range of high-resolution 2D images. Reconstruction of these 2D images results in a 3D structural model that enables analysis of polyamide
density profile (upper right panel) and water transport pathways (lower right panel). The color bar represents predicted water flux in water transport
pathways, ranging from O (dark red) to 75 (dark blue) L m~2 h™ . Figures are adapted with permission from ref. 41, the American Association for the
Advancement of Science.

WAXS patterns provides information on both molecular size
and preferential orientation of polyamide network. Particularly,
an arc-like meridional scattering feature in the WAXS pattern
(middle panel), where intense scattering is preferentially
aligned along the vertical g, direction, implies the in-plane
orientation of aromatic stacking in the polyamide film.>® Plot-
ting the scattered intensity versus scattering vector, g, suggests
the presence of two peaks centered at 1.79 and 1.22 A~
According to Bragg’s law (d = 21/g), these two peaks correspond

This journal is © The Royal Society of Chemistry 2023

to molecular spacing, d, of 3.5 and 5.2 A, respectively—generally
consistent with the size of intrachain network pores observed
by PALS. The 3.5 A spacing is likely ascribed to “n-n” stacking
of neighboring aromatic rings (green arrows in the right panel),
while the 5.2 A spacing is owing to the perpendicular packing of
aromatic cores in a “T-shaped’” configuration (red arrows in the
right panel).>® These different stacking structures likely govern
the mass transport characteristics of TFC membranes. For
instance, previous studies have observed more favorable water
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self-diffusion in the “T-shaped” stacking than that in the “n-n”
stacking.>®°”

Recent advances in 3D tomography have enabled high-
resolution imaging of pore structure (Fig. 4C).*»"*® This techni-
que relies on the use of scanning transmission electron micro-
scopy (STEM), which utilizes a focused probe to scan across a
sample (left panel). Dynamic focus of STEM effectively reduces
defocus variation when imaging thick samples at high-tilt
angles. Moreover, operating in high-angle annular dark-field
(HAADF) mode enables STEM to decouple structural para-
meters of polyamide layers (e.g., density and thickness), thereby
allowing for the independent analysis of nanoscale 3D distribu-
tions of each parameter. For example, a recent study mapped
the spatial distribution of polyamide density, which is dis-
played as a heat map in the cross-section profile (right upper
panel).”! The polyamide network exhibits nanoscale inhomo-
geneity, where red corresponds to areas with higher density and
lower fractional free volume. Acquisition of tomographic tilt
series at different angles enables 3D reconstruction of density
profiles. The resulting 3D model, together with the modeling of
water transport, leads to a visualized flow map of water trans-
port pathways (right lower panel). In particular, gray areas

View Article Online
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represent regions of ultralow water diffusivity in membrane
materials (Dy, < 5 x 107'° m* s7"), corresponding to regions of
high polyamide density and low fractional free volume. Notably,
water transport pathways with the lowest water flux are predomi-
nantly located near the top surface of the polyamide layer,
indicating regions of greatest resistance for water transport.

4. Irreversible thermodynamics-based
models

One major approach to describe the physical behavior of
membrane permeation is based on non-equilibrium or irrever-
sible thermodynamics.>**°®! The significant progress in non-
equilibrium thermodynamics in 20th-century physics paved the
way for the development of first-principles-based thermody-
namic theories for membrane transport. A central assumption
in these theories is that irreversible transport processes in
membranes can be divided into small subsystems at ‘“local
equilibrium”, i.e., not deviating too far from equilibrium. This
assumption allows to express the fluxes across the membranes
as linear functions of thermodynamic driving forces (Fig. 5A).

A Irreversible Thermodynamic-Based Model
0%o o %o W
o ° ° -)
@ o o O " e
©
\ o
° :° e o P — SN s
o o >% a IAP
o o "
() SN / )
° o °% o ¢
9 ® | o ‘0 o © .
Feed Membrane Permeate Entire Membrane
B Spiegler-Kedem-Katchalsky Model
0%o0 | o %6 .-
o ° o~ ?
- @ o /,"’ Q " frem— “»
\ =70 o
e ?: - i |:| °o ° ]
(+) P = ) o o ?
Qo e
o® 9 S -®
o o Ce® ¢ -~ ) c
° © S PN A ‘0 o © Tl .
Feed Membrane : Permeate Membrane Layer

Virtual Solution
Fig. 5

(A) Schematic representation of irreversible thermodynamics-based models applied across a semipermeable membrane. These models, which

are based on fundamental thermodynamic principles, are independent of transport mechanisms. As illustrated by the question marks, the driving force
profiles (e.g., concentration gradient and pressure gradient) across the membrane are not required to be specified or known. (B) Schematic

representation of the Spiegler—Kedem—Katchalsky model. The model divides

the entire membrane into thin slices. Virtual solutions, which are imaginary

aqueous solutions in equilibrium with the local membrane layers, are filled between the slices. The model assumes that local subsystems are at near-
equilibrium and local mass transport can be linearly related to the driving forces. The differences in chemical potential, i, pressure, P, and concentration,
¢, across each slice are small enough to ensure that the local subsystem is at the near-equilibrium state.
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Here, we review the seminal works by Kedem, Katchalsky, and
Spiegler.>*%*

4.1 The Kedem-Katchalsky model

In 1958, Kedem and Katchalsky®® systematically formulated a
theoretical framework for membrane permeation using irrever-
sible thermodynamics. In irreversible processes, the rate of
entropy density change, or the dissipation function, ®, can be
expressed as the summation of the product of fluxes, J, and
thermodynamic forces, X; that is, ¢ = XH:J,-XZ', where i is a

1
component in the solution.

In an isothermal membrane process transferring water (w)
and solute (s), the water and solute fluxes and the driving forces
of the chemical potential differences, Au, form the dissipation
function as follows:

D = oAt + JsA s (4.1)

where J,, and J; are the water and salt fluxes, respectively.
The chemical potential of any component, i, can be
defined as

W= pf + RTIn () + V(P — P?) (4.2)

where 4 is the chemical potential at the standard state condi-
tion, R is the gas constant, 7T is the absolute temperature, ¢ is
the molar concentration, y is the activity coefficient, V is the
partial molar volume, P is the pressure, and P is the reference
pressure of the standard state condition. The chemical
potential difference between the feed and permeate solutions,
U, is given by

A,ul* = RT Aln (Vici) + V,AP (43)

Assuming that we have dilute solutions (where activity
coefficients can be disregarded) and small differences in
concentration across the membrane, the chemical potential
differences of water and solute can be written as a function of
solute concentration difference, c¢s, and pressure difference, P,
between feed and permeate:*’

Ac; -
Au, = RT=S 4 VAP (4.4a)
2
Acs
Apy = ~RT=S 4 VAP (4.4b)

Here, ¢, and ¢,, are the mean solute and water concentrations in
the feed and permeate, respectively. Substituting eqn (4.4a) and
(4.4b) into eqn (4.1) yields an expression for @ as a function of
pressure and solute concentration differences:

_ _ I T
& = (Jy Vi + J VAP + (TS—T)RTACS. (4.5)
Cs  Cw

The conjugate fluxes associated with the forces of AP and RT Ac;
can be defined as the total volume flux, J, = J, Vi + JsVs, and the

. . . Js
relative velocity of solute with respect to solvent, Jp = = — =%,

Cs  Cw
respectively.

This journal is © The Royal Society of Chemistry 2023
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The general theory of linear irreversible thermodynamics
describes the relationships between the newly-defined fluxes
and forces as®>°>

Ju=L,AP + L, RT Ac, (4.62)

Jo = LpyAP + LyRTAc, (4.6b)

where L is the kinetic coefficient for a given flux and driving
force. Specifically, L, is the filtration coefficient, Lp is the
straight permeability coefficient for concentration difference,
and L,p and Lp, are the cross-effect coefficients between the
driving forces of pressure and concentration.

Considering the Onsager reciprocal relations (ie, Lyp =
Lpy) and rearranging eqn (4.6), the volume flux, J,, which is
approximately the same as the water flux (i.e., J, = Ji), and salt
flux, J5, can be expressed as

63,64

Jv = Ly(AP — gAm) (4.7a)

Js = 0AT + (1 — 0)],Cs (4.7b)

. . . L . .
where o is the reflection coefficient (fﬂ), Ar is the osmotic
P
pressure difference, o is the solute mobility <(As) ), and
n
Jy=0
Cs is mean solute concentration of the feed and permeate.
Different approximations may yield ¢s as either an arith-

. . . Ac
metic®® or logarithmic mean | —— ).>>%
Aln ¢

Eqn (4.7a) and (4.7b) are the core transport equations of the
volume (water) and solute fluxes in the Kedem-Katchalsky
model. We note that ¢ is equal to 1 when the membrane is
ideally selective to solvent. Since RO membranes have a high
salt rejection and the reflection coefficient can be set to 1 (¢ =
1), eqn (4.7a), which is simplified as J, = Lp(AP—An) for o = 1,
has been frequently used for describing water transport in RO
membranes.

4.2 Improvement of the Kedem-Katchalsky model

The Kedem-Katchalsky equations, i.e., eqn (4.7), were derived
by assuming that we have small thermodynamic forces, ie.,
small pressure and concentration differences. For large pres-
sure or concentration differences, the Kedem-Katchalsky
model may predict inaccurate fluxes. Spiegler and Kedem®'
improved the model by treating the membrane as a series of
infinitesimal slices (Fig. 5B). Virtual solutions, which are ima-
ginary aqueous solutions in equilibrium with the adjacent
membrane layers, are inserted between the slices. The local
transport equations are then expressed as

dp dn
JV = _PW (a — O'a) (4.83)
deg
Js = 7P5d7,\; + (1 —0)Jyes (4.8b)

where P, is the local hydraulic permeability, Ps is the local
solute permeability, and x is the position along the direction of
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transport. The fluxes across the membrane can be calculated by
solving the differential equations in eqn (4.8).

The Spiegler-Kedem model,’" as an extension of the Kedem~
Katchalsky model,” yields less sensitive kinetic parameters to
concentration differences.>*®® The considerations of large driving
forces and the dependency of the kinetic coefficients on external
conditions, such as pressure and concentration, are essential in
improving the irreversible thermodynamic models.®® These ques-
tions may always be revisited for certain membranes and operat-
ing conditions. In addition to their efforts to enhance the accuracy
of the model, Spiegler and Kedem expressed the reflection
coefficient as a function of frictions within the membrane.
However, the frictional relationship has relatively limited impacts
compared to eqn (4.8a) and (4.8b), and fewer researchers adopted
the relationship in membrane research.>**”

4.3 Significance of the irreversible thermodynamic models

The significance of the irreversible thermodynamics-based
models developed by Kedem, Katchalsky, and Spiegler cannot
be overstated. These models have had a profound impact on
the field of membrane science and continue to shape our
understanding of transport phenomena across membranes.
Although they may be less discussed in contemporary mem-
brane research, their contributions remain invaluable. The
formalism reveals the essential relationships between fluxes
and driving forces, standing with the rigor of thermodynamic
principles. These a priori descriptions, such as eqn (4.7), of
membrane water and salt permeation are the basis for under-
standing membrane transport.

Notably, these thermodynamic principles are valid for
any transport mechanisms or membrane microstructures.

Box 1. Molecular diffusion

View Article Online
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Therefore, when examining the transport mechanisms in RO
membranes, the proposed models should not violate these
basic thermodynamic laws. By adhering to these principles,
researchers ensure that their analyses and interpretations
uphold the fundamental laws that govern the behavior of
transport phenomena.

In addition to mechanistic discussions, these models pro-
vide invaluable insights in designing or evaluating membrane
processes within the framework of thermodynamics. Based on
the established equations, the thermodynamic minimum
energy required for separation is correlated with the osmotic
pressure, while the excess energy from the applied pressure is
dissipated through the membrane transport.®®®® In the devel-
opment of new RO-based desalination processes, like low-salt-
rejection RO (LSRRO),”® the reflection coefficient is crucial for
characterizing the transport of “leaky” membranes.”! Overall,
the irreversible thermodynamic models remain invaluable
for investigating membrane transport and devising practical
applications.

5. Diffusion-based models

In this section, we discuss the diffusion-based models that have
been proposed to describe water transport in RO membranes.
Our discussion begins with the very early diffusion-based
models, ultimately leading to the solution-diffusion model.
Generally, molecular diffusion is the thermal motion of
molecules which results in a directional transport of mole-
cules when a concentration gradient is present as described in
Box 1.

Molecules in a fluid randomly move in different directions as a result of continuous collisions with neighboring molecules (left figure). This random motion is

known as Brownian motion which is named after the Scottish botanist Brown.”> Brown was the first to observe the random motion of pollen grains
under a microscope. In this case, there is no preferential direction of motion, which results in no net flux over time. However, these random motions cause

molecules in a fluid to spread out. The degree to which molecules spread out and diffuse is described by the mean squared displacement (MSD) of molecules as

follows:”®

[

MSD = NZ(X,-(!) — x:(0))?

i=1

(B.1.1)

where x,(t) is the position of ith molecule at time ¢ and N is the total number of molecules. The diffusion coefficient of molecules is related to MSD using”®

~_ MSD
2nt

where n denotes the number of dimensions for Brownian motion.

(B.1.2)

When there is a gradient in concentration of molecules (right figure) dispersed in a medium, molecules diffuse from a region of high concentration to a region
of low concentration. Fick,”* who first observed a linear relationship between concentration gradient and mixing of salt and water, proposed the governing

equations for diffusion based on an analogy with Fourier’s law for heat conduction. In the first governing equation, known as Fick’s first law, the flux of the

dispersed molecules in a one-dimensional system is given by”*

de

J=—-D—. B.1.3
= (B-1.3)
Similar to Fourier’s law, a more general equation can be defined as follows:”*
de  Pe (B.1.4)
ot 0x2 o

which is known as Fick’s second law of diffusion. This second law can be derived from the first law. These laws are a phenomenological continuum description

of diffusion processes.
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We emphasize that no net flux is produced as a result of random motion of molecules in a fluid (left figure). However, when there exists a concentration
gradient of fluid molecules in a medium, a net flux is brought about by diffusion of molecules down the gradient (right figure).

Random Motion (no net flux)

N

./

o

LZ—X

5.1 Early diffusion-based model for water transport in
cellulose acetate

After reporting cellulose acetate as a potential membrane
material for desalination, Reid and Breton® proposed the first
diffusion-based model for describing water transport in RO
membranes. In their model, two specific diffusion mechanisms
were suggested to describe water transport. In small pores
where water molecules interact strongly with the membrane
binding sites (e.g., hydrogen bonding to carbonyl oxygen atoms
of cellulose acetate), water molecules were postulated to diffuse
by jumping from one binding site to another through a network
of aligned hydrogen bonds (i.e., alignment-type diffusion). On
the other hand, water molecules in larger pores, which are not
bound to the membrane walls, were proposed to transport by
hole-type diffusion. Since cellulose acetate membranes have a
high degree of crystallinity, the pore sizes were assumed to be
small enough for transport to be mostly governed by alignment-
type diffusion. Notably, no experimental or theoretical proofs
for this water transport mechanism were given.

Other diffusion-based models were proposed for water
transport. For example, Clark” proposed a modified diffusion
coefficient which relates water flux directly to chemical
potential gradient:

Jw = Dmodiﬁed% (5-1)
The modified diffusion coefficient, eqn (5.1), differs from the
Fick diffusion coefficient, which relates water flux to concen-
tration gradient. Notably, this treatment is only valid if
the resistivity to water transport in the membrane is simply
equal to the inverse of the modified diffusion coefficient
(;) This model treats chemical potential gradient as
Dmodiﬁed
a single unifying driving force that drives a specific diffusive
transport.

5.2 The solution-diffusion model

Contrary to the early diffusion mechanisms discussed in Sec-
tion 5.1, Lonsdale et al.®' proposed that water transport is

This journal is © The Royal Society of Chemistry 2023

Fickian Diffusion (finite net flux)

(A v/\\_//\\/,\_/—\L/A

governed by simple molecular diffusion down a concentration
gradient across the membrane where no specific modification
to diffusion is needed. In this model, which came to be known
as the solution-diffusion model, water molecules are
assumed to dissolve into the membrane, based on the theory
of partial solubility proposed by LHermite,>® diffuse through
the membrane, and then partition out of the membrane
(Fig. 6A).>* Lonsdale et al.*’ mathematically formulated the
water transport through RO membranes by applying Fick’s
law of diffusion. Notably, Lonsdale’s SD description of trans-
port did not explain how a pressure difference across the
membrane induces a concentration gradient within the
membrane. Later, Paul and Ebra-Lima®? incorporated this
pressure-induced concentration gradient into the SD frame-
work by assuming a constant pressure profile within the
membrane. In the following paragraphs, we will present the
key steps in the derivation of the SD equation for water
transport in RO membranes.

The gradient in chemical potential is the thermodynamic
driving force that results in the transport of any permeants
across a membrane.*®> Accordingly, as discussed in Section 4,
the flux of any component, 7, can be expressed as

dpy

Ji=—L;
1 ldx

(5.2)

In the SD model, the pressure within the membrane is
assumed to be constant and equal to the pressure in the feed
reservoir (Fig. 6B). This assumption, which has never been
proved to be true, implies that the pressure is transmitted
through the membrane the same way it is transmitted through
the feed water. In the absence of a pressure gradient within the
membrane, the chemical potential gradient must be expressed
only as a concentration gradient. Therefore, using eqn (4.3) and
(5.2), the flux can be rewritten as

RTL,’dCi
Ji=— — 5.3
! ¢; dx (5:3)
Chem. Soc. Rev., 2023, 52, 8455-8480 | 8465
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Fig. 6 (A) Schematic representation of the solution—diffusion mechanism for water transport across a semipermeable membrane. Water molecules
dissolve or partition into the membrane from the feed reservoir before diffusing down a pressure-induced gradient in water concentration inside the
membrane. Finally, water molecules partition out the membrane at the permeate side. Salt ions follow the same transport mechanism as described
above. Oxygen and hydrogen atoms of water molecules are shown in red and white, and ions are shown in green and brown. (B) Profiles of water
chemical potential p,,, pressure P, and water concentration c,, across a semipermeable membrane according to the solution—diffusion model. Pressure is
assumed to be constant within the membrane and equal to the feed pressure inside the membrane. This pressure profile induces a water concentration

gradient within the membrane.

RTL,

By replacing with the diffusion coefficient D; in eqn (5.3),

1

we arrive at Fick’s first law of diffusion for a single phase:

Ji = —D,’% (5.43.)
or
(5 = 0) — ey = 1
J,-:D,(c(m)(x )~ cim(x =) (5.4b)

/

where [ is the thickness of the membrane and ¢;m)(x = 0) and
Cim)x = ) are the concentrations of component i in the
membrane at the feed and permeate interfaces, respectively.
The subscript m in the parenthesis refers to the mem-
brane phase.

Lonsdale et al®' used eqn (5.3) as the starting point to
mathematically derive the flux equation for water transport
in the SD model. However, Paul and Ebra-Lima®> employed
Fick’'s law of diffusion for a binary system (ie., fluid and
membrane material which are uniformly mixed) in their deriva-
tion of an expression for the fluid volumetric flux, Q,, which is
given by

Dy d¢,

Q=g dx

(5.5)

where ¢; is the volume fraction of fluid i and D, is the mutual
diffusion coefficient of the binary mixture. We note that eqn (5.5)
is equivalent to the equation describing the steady-state
diffusion of one gas through a stagnant second gas or a gas
film.”*”” In mixtures very dilute in fluid 7, the mutual diffusion
coefficient in eqn (5.5) becomes identical with the tracer diffusion
coefficient in eqn (5.3) (i.e., D, — D; when ¢; — 0). Hence, either
eqn (5.3) or eqn (5.5) can be used as the starting point for the flux
derivation, provided that the diffusion coefficients are appropri-
ately defined. Here, we consider eqn (5.3) in our derivation.

8466 | Chem. Soc. Rev., 2023, 52, 8455-8480

A reasonable assumption is that chemical equilibrium is
maintained at the feed and permeate interfaces. To enforce the
chemical equilibrium at the feed interface, we equate the
chemical potential on either side of the interface, p(x = 0) =
Him)(x = 0). Using eqn (4.2) and assuming that V; = V), the
equilibrium condition can be stated as

1+ RTIn[y,(x = 0)c,(x = 0)] + V[P(x = 0) — P°] = o
+ RTIN[)(m)(X = 0)Cigm)(x = 0)] + Vi)[Pmy(x = 0) — P°]

(5.6)

Since the pressures in the feed and membrane are assumed to
be equal (the key assumption in the SD model), eqn (5.6) is
reduced to

or

Cim)(x = 0) = Kici(x = 0)

(5.8)

where K;, the ratio of the activity coefficients, is defined as the
partition coefficient for component i. For chemical equilibrium
at the permeate interface, we carry out a similar procedure
which leads to

Vi[P(x=0)—P(x=1)

Cim(x = 1) = Kiei(x = )e &7 (5.9)
) —7i[P(x=0)—P(x=1)] )
where an exponential factor, e RT , appears in

eqn (5.9) when compared to eqn (5.8) because the pressure
in the membrane (ie, Pm)x = [)) abruptly drops to the
permeate pressure (i.e., P(x = [)) at the permeate interface
(see Fig. 6B).

Inserting the expressions for the interface concentrations,
eqn (5.8) and (5.9), into the Fick’s law expression in eqn (5.4),

This journal is © The Royal Society of Chemistry 2023
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the flux can be rewritten as

—Vi[P(x=0)=P(x=1)]

Di i
_Dik ci(x=0) —ci(x =1e RT

/

Ji (5.10)
In osmotic equilibrium (Fig. 1B), the hydrostatic pressure that
stops the osmotic flux of water across the membrane (i.e., J, =
0) is defined as the osmotic pressure n. Thus, setting eqn (5.10)
to zero yields

VAR
ew(x =1) =cy(x=0)e RT

(5.11)

Substituting the expression for water permeate concentration,
eqn (5.11), into eqn (5.10) and noting that P(x = 0) —P(x = [) =
AP, the water flux can be written as

Jw

— —Vw[AP—An]
_ DuKwenx =0) [1 - e—} (5.12)

RT
/

Eqn (5.12), which is valid for AP > Am, can be further
—Vy[AP - A
simplified by considering that the exponent, %,
—Vw[AP—An]
is a very small value in practice. Therefore, 1 —e  RT
—Vy[AP — An)
RT
expression for the water flux:

can

be approximated by , which results in the final

I = Dy Ky Vyew(x =0)
A IRT

(AP — Am) (5.13a)

or

Jw = A(AP — Ar) (5.13b)

where A is called the water permeability constant (or water

DywKyVyew(x =0)

IRT
For the salt flux, the exponent —Vi[Px=0) = Px=1)] in
eqn (5.10) is small because the molar Voluméggf salt is large.
Therefore, the salt flux can be obtained from the following
simple expression:

permeance) and equal to

D§ S
Js = ‘IK‘ Acs [5.148)
or
Js = BAcg (5.14b)

where Acs = ¢(x = 0) — ¢5(x = ) and B is defined as the salt
permeability constant, which is equal to DsK//. Notably, salt
flux is independent of the applied pressure according to the
SD model.

Eqn (5.13) and (5.14), obtained within the framework of the
SD model, have been extensively used to describe water and salt
transport in RO since the 1980s.*> However, some of the
predicted behaviors by the SD model have been questioned.
For example, eqn (5.9) predicts that the water concentration at
the permeate interface inside the membrane exponentially

This journal is © The Royal Society of Chemistry 2023
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decreases with increasing applied pressure difference. In other
words, as the pressure difference increases, the water flux in
eqn (5.12) reaches a limiting value (ie., as AP — oo,
DyKyew(x=0 S .
%()], resulting in a non-linear flux-pressure

relationship. We further discuss this behavior in Section 8.

Jw —

6. Viscous flow models

Following the demonstration of cellulose acetate as a semi-
permeable membrane material by Reid and Breton,>® Loeb and
Sourirajan®® breakthrough discovery showed that making cel-
lulose acetate membranes asymmetric can significantly
enhance water flux. Soon after these discoveries, Sourirajan’®
proposed an RO transport model that assumes a viscous-type
flow mechanism (Box 2) for water transport in cellulose acetate
membranes. This model was called the preferential sorption-
capillary flow model. Inspired by Yuster,”” Sourirajan’® claimed
that water is deionized at the feed interface because of the
chemical nature of the membrane (preferential sorption) and
then flows continuously through pores of the membrane
(capillary flow).

Other viscous-type flow models were also suggested. For
example, Merten”® developed the finely-porous model which
includes aspects of viscous-type flow and frictional models.
However, the most widely-used viscous flow model is known as
the pore-flow (PF) model (Fig. 7).** In the PF model, a con-
tinuum water flow through the membrane pores is driven by a
pressure gradient. As shown in Fig. 7B, water is assumed to be
incompressible with a fixed concentration throughout the
membrane. In this section, we will derive the PF expression
describing flow through semipermeable membranes by revisit-
ing eqn (5.2).

Since the chemical potential gradient is only expressed as
the pressure gradient (Fig. 7B), combing eqn (4.3) and (5.2)
yields the following expression for the water flux:

dp

J = LV,
dx

(6.1)

or

(6.2)

where k is the Darcy law (or permeability) coefficient and equal
to LV;. Eqn (6.1) or (6.2) can also be obtained by solving the
Navier-Stokes equation for flow through a porous medium
(i.e., known as Darcy flow®®). Values of k depend on the solvent
viscosity and structure of the membrane pores.®" Although the
PF mechanism was predominantly rejected over the SD
mechanism by the late 1970s,? it has emerged as a reliable
method of describing transport in RO membranes in recent
studies.*®*%%>
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Box 2. Viscous flow through nanopores

Viscous flow of a fluid involves transport of fluid molecules in groups (see figure below) which differs from diffusive transport where dispersed molecules travel
individually down a concentration gradient as discussed in Box 1.* The effect of fluid viscosity in a viscous flow is balanced by other forces due to fluid inertia,
pressure gradient, and other body forces like gravity. This type of fluid motion is described by the classical continuum equations of motion such as the Navier-
Stokes equation.® The validity of these equations relies on the continuum hypothesis where the distance between the molecules of the fluid is assumed to be
much smaller than the volume of the fluid for which the transport behavior is described.** This hypothesis requires a macroscopically large scale where the
fluid is perfectly uniform in structure and its properties are distributed uniformly over the fluid volume.

Remarkably, in both experiments and molecular dynamics simulations,* ** the Navier-Stokes equation has been shown to remain valid down to the
nanometer scale when hydrodynamical properties such as viscosity and interfacial friction coefficients are adjusted. Considering the classical continuum

g hypothesis, the robustness of the Navier-Stokes equation down to the molecular scale is surprisingly unexpected. One possible explanation is that the

§ complexity of fluid properties at the molecular scale can still be averaged out and distributed uniformly over the nanometer-scale fluid volume.®® Essentially,
s 3 for viscous flow at the nanoscale, properties of fluids with their fine molecular structures and features can be well represented by a few macroscopic quantities
& E (e.g., viscosity and friction coefficient) used in continuum-based equations.
S o
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Fig. 7 (A) Schematic representation of the pore-flow mechanism for water transport across a semipermeable membrane. Water flows continuously
down a pressure gradient through pores of the membrane. (B) Profiles of water chemical potential u,, pressure P, and water concentration c,, across a
semipermeable membrane according to the pore-flow model. Water concentration is assumed to be constant which leads to the chemical potential
gradient being expressed only as a pressure gradient inside the membrane.

7. Solution—friction model transport across a homogeneous porous medium, the SF model
describes the coupled transport of both solvent and solutes. The
SF model derives the equations for water and salt fluxes based
on their respective force balances. These fluxes are interdepen-
force balances on the species transporting across an RO dent due to the interactions between salt ions and water mole-
membrane. The SF model generally obeys a pore-flow or cules. Before presenting the principles and governing equations
viscous flow mechanism.’® However, unlike Darcy’s law, of the SF model, we present the general concept of friction in
eqn (6.1), which only describes the pressure-driven water Box 3.

Recently, a mechanistic transport model, referred to as the
solution—friction (SF) model,*****® was developed based on

8468 | Chem. Soc. Rev,, 2023, 52, 8455-8480 This journal is © The Royal Society of Chemistry 2023
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Box 3. Friction

When there is a difference between the velocities of fluid molecules or/and pore molecules, a friction force is developed to reduce the difference between the
velocities.®* For example, as fluid molecules transport through a stationary porous membrane, a friction between the fluid particles and pore walls is developed.
Difference in velocities between fluid particles (e.g., water and ions) also result in internal friction. These frictional forces vary in size depending on the
intermolecular interactions as well as the structure and chemistry of the fluid-pore interface. For example, friction between carbon nanotubes and water is

Tutorial Review

shown to be very low because of the hydrophobic nature of the tube-water interactions and smooth surface of the tubes.

86:94 Tg characterize these interfacial

friction forces between fluids and pore walls, a friction coefficient f can be defined as®

f:_

AU

F (B.3.1)

where F, A, and U are the frictional force, fluid-wall area, and slip velocity, respectively.

Friction coefficients appear in transport theories that are developed based on force balances. These coefficients cannot be directly determined through
experiments. Molecular dynamics simulations offer a reliable approach to calculate friction coefficients and can provide insights into how these coefficients

depend on membrane properties such as pore size, chemistry, and structure.

86,88

Here, the Green-Kubo formulas can be used to link the macroscopic friction

coefficients to the fluctuations of microscopic forces in equilibrium molecular dynamics simulations:*®

1
/= kBTAJO

(F(0)-

F(r))dt (B.3.2)

where kg, 7, and ¢ are the Boltzmann constant, absolute temperature, and time, respectively. Eqn (B.3.2) is a consequence of Onsager’s regression

63,64

hypothesis,
equilibrium conditions.

7.1 Ion transport through the membrane

The gradient of chemical potential within the membrane is the
driving force for ion flux. Neglecting the frictions between the ions,
and accounting for the ion-water and ion-membrane frictions, the
force balance for ion i requires that the driving force (ie., the

chemical potential gradient) be equal to the sum of frictions:**®

—Vi; = RTfi-w(vi — vy) + RTfiomV; (7.1)

where f;_,, and f;_, are the frictional coefficients between ions and
water and between ions and membrane, and v; and v, are the
velocities of ions and water, respectively. Note that the membrane
is stationary and its velocity v, is therefore set to zero.

The ion chemical potential can be expressed by

wi = ud + RTInc; + RTz¢ (7.2)

where z; is the ion valence, c; is the ion concentration, and ¢ is
the dimensionless electrical potential. Note that eqn (7.2) does
not consider the effect of pressure as salt ions are assumed to
be point charges and their contribution to the total volume flux
is negligible.*®”*

Substituting eqn (7.2) into eqn (7.1) yields an expression for
the ion velocity:

i-w 1 1 i
V= /i Vw — (6 e + z,-a—q)) (7.3)
Jiew +fiem Jicw +fiem \ Ox Ox
By defining a frictional factor for ion i as Ky ; = f';W and
’ fi*W +ﬁ7m
considering only the coordinate perpendicular to the
membrane surface, eqn (7.3) becomes
dln¢; d
Vi = Kw‘i Vw — Kw,iDi,m< dx =+ Z,‘%) (7.4)

Here, D;,, is the diffusion coefficient of ion inside the
membrane, which is the inverse of fi_,, and K,; characterizes
the contribution of ion-water friction to the total friction.

This journal is © The Royal Society of Chemistry 2023

which states that macroscopic decay processes happen in a similar manner to the decay of fluctuations of microscopic variables around

7.2 Water transport through the membrane

The driving force of water transport is the gradient in the total
pressure (i.e., —VP*"),°® balanced by the water-membrane and
ion-water frictions as shown in Fig. 8. This balance can be
expressed as

—VP = RT fy-mvw + RT > fi_wci(vw — ) (7.5)

where f, , is the frictional coefficient between the water
and membrane. The total pressure P can be written as the
contributions of the hydrostatic pressure P and osmotic pres-
sure m:"7%7

P'=pP—n (7.6)

Substituting the expression of ion velocity, eqn (7.4), into
eqn (7.5), we arrive at the following expression for the force
balance on water:

1 d Ptot

. d(,’,'
Ry et D fwa(l = Kai) + 3 Kuigs

d
+ Z K\v,iﬁ'izi£

If we assume that ion-membrane friction is negligible (i.e.,
Kw,i = 1), eqn (7.7) can be simplified as

(7.7)

1 optt ac; O
“RT ox = fw-mVw + ZE + Z CiZig (7.8)

A close inspection of eqn (7.4) and (7.7) reveals that the salt
transport and water transport are coupled. The equations
must be solved simultaneously to obtain the water and salt
fluxes for a given applied pressure. Alternatively, one can obtain
the salt flux and the required applied pressure for a given
water flux.
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Fig. 8 Schematic representation of the solution—friction mechanism of water transport through RO membranes. The driving force for water transport is
the gradient of total pressure, which is balanced by the water—membrane and ion-water frictions.

7.3 Simplified solution to water flux

When a membrane has a low volumetric charge density (i.e.,
within the membrane), like in typical RO membranes,”®*°° the
electrical potential gradient can be neglected as it is relatively
small compared to the concentration gradient. Therefore,
eqn (7.8) can be further simplified as

1 dptot . de;
“RT a2y

(7.9)

Substituting the expression for total pressure, eqn (7.6) where
n=RTY ¢, into eqn (7.9) yields

d(P — TE) . . dTE(m)
dx = —RTfy-mvw — Z dx

where 7y, is the osmotic pressure inside the membrane.

A salt partitioning coefficient @ can be defined to relate 7y,
to the osmotic pressure in the virtual solution that is in
equilibrium with the membrane n, by ny,) = ®n. Then we
arrive at

(7.10)

d(P—m) dn
—q = R fucmre — @ (7.11)
Rearrangement of eqn (7.11) yields
, _,¥ E,dj ,L% (712)
Y RTfy_m\dx dx RT fy_mdx )

We further integrate eqn (7.12) across the membrane thickness,
L
1 -9
= AP —
Rwamem RTfW*mLﬂ]

An (7.13)

Vw

1
Definingm = A and 1 — @ = g, we obtain the water
permeability velocity as

Vy = A(AP — oAm) (7.14)

We note that eqn (7.14) is identical in form to the Spiegler—
Kedem-Katchalsky equation, eqn (4.7a). This ensures that the
SF model does not violate the basic thermodynamic principles.
The SF model has been able to successfully describe the

8470 | Chem. Soc. Rev., 2023, 52, 8455-8480

transport of water and salt in RO membranes, showing good
agreement with experiments,>®%:30:98:101

8. Solution—diffusion model versus
pore-flow model

In this section, we focus our discussions on the two main
mechanisms or models proposed for water transport in RO
membranes: the SD and PF models. We conduct a thorough
analysis of the recent experimental and computational results
to show why the widely-accepted SD model is not appropriate
for describing water transport in RO membranes. This analysis
also includes revisiting the key experiments that were used as
evidence in favor of the SD mechanism.

8.1 Evidence in support of the solution-diffusion model is
flawed

The solution-diffusion mechanism was historically supported
by two key experimental observations: (i) the existence of a
pressure-induced water concentration gradient and (ii) upper
limit for solvent flux at high applied pressures. To provide
evidence for the water concentration gradient within RO mem-
branes, Rosenbaum and Cotton** designed and performed
water permeation experiments using five stacked cellulose
acetate films—with a total thickness of ~0.05 cm— across
which pressure differences of 68 and 136 atm were applied.
The results showed that the water concentration within the
membrane varies with position and its gradient is proportional
to the applied pressure (Fig. 9). However, as shown in Fig. 9,
there are extreme outliers leading to very large error bars.
Therefore, the magnitude of the water concentration gradient
that Rosenbaum and Cotton®* drew from their experimental
observations may be questionable. Additionally, the data for the
68 and 136 atm pressures in the original study were misplotted.
The plotted 136-atm data points match the tabulated data for 68
atm pressure and vice versa. If the tabulated data are taken to be
true, their observations disprove their argument, because
increasing pressures induce smaller concentration gradients.
We will revisit these experiments later in this subsection to
explain the mechanisms for the observed behavior.

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 (A) Schematic representation of the stacked films used for measuring water concentration gradients (Rosenbaum and Cotton, 1969).%* The total
thickness of the produced membrane is ~0.05 cm. Five cellulose acetate films were stacked inside a pressurized cell to measure water content along the
membrane. First a water permeation experiment was performed through the stacked films. At the end of the permeation experiment after the pressure
was relaxed, the water content of each film was measured for only four of the films. (B) Water concentration in stacked cellulose acetate films as a
function of position along the axis of transport inside the membrane. Open green circles and blue squares represent average concentrations for two
different applied pressures of 68 and 136 bar, respectively. Solid circles and squares indicate the data for each one of the four membrane samples used
for calculating the average concentrations. As shown, a group of outlier data points (inside the dashed box) lead to very large error bars (transparent
green and blue bands). Note that the error bars were not explicitly presented in the original publication.

As described in Section 5, water flux in the SD model
approaches a limiting value as the pressure difference increases
Dy Kycw(x =0)

/
partial molar volume of water, pressures beyond the common
operational range are required to detect any SD-predicted
deviation from linearity in the flux-pressure relationship (see
eqn (5.12)). Instead of water as solvents, Paul and Ebra-
Lima®**?** used organic solvents and a highly swollen rubber
film to examine the existence of any limiting fluxes. Fig. 10A
presents two representative flux-pressure curves for the solvents
considered in their study: iso-octane and methyl ethyl ketone.
The flux-pressure curves deviate from linearity as the pressure

(le, Jy — as AP — o). Because of the small
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increases. However, compaction is expected to have a signifi-
cant impact on the highly elastic and swollen rubber film
(volume of sorbed solvent in the membrane is > 60%).
Fig. 10B shows that compaction induces similar flux suppres-
sion of water transport in highly swollen hydrogels.'®> Notably,
the SD model predicts that we need pressures >136 bar to
cause only ~ 5% deviation from linearity for water.'®® However,
this deviation in Fig. 10 occurs for pressures <10 bar. Compac-
tion is the only reasonable explanation since no other nonide-
ality effects can explain this order of magnitude difference. In
addition to the limiting fluxes, we calculated high solvent
permeability (>10 pum L m > h™" bar ) for the rubber film
in Fig. 10A, which is typical of ultrafiltration membranes.
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(A) Volumetric flux of organic solvents in highly swollen rubber films as a function of applied pressure. Red and yellow curves correspond to the

data for iso-octane and methyl ethyl ketone, respectively. Data extracted from Paul and Ebra-Lima.>? (B) Volumetric flux of water in highly swollen
hydrogels as a function of applied pressure. Open and solid circles represent the data for two hydrogels with different water swelling ratios. Data

extracted from Hirai et al.*%?
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Therefore, it is questionable to apply these findings for highly
porous and swollen rubber films directly to water transport in
RO membranes or to consider a diffusion as a possible solvent
transport mechanism.

Compaction can provide sound explanations for both the
observed water content gradient (Fig. 9B) and the nonlinear
solvent flux-pressure relationship (Fig. 10A). Based on mechan-
ical equilibrium, the compacting pressure of the membrane, P,
at any point within the membrane is equal to the feed pressure,
Pg, minus the local fluid pressure, P, (i.e., P. = Py — P)."** Based
on the pressure profile in Fig. 7B, the compacting pressure is
expected to rise from zero at the feed side and reach a
maximum value at the permeate side. Consequently, the
volume fraction of the pores decreases across our elastic
membrane along with the rising compacting pressure. The
balance between the compacting pressure and other pressure
components within the polymer-solvent system can be used to
quantitatively predict the porosity profile."® This dependence
of porosity on compacting pressure explains the observations of
Rosenbaum and Cotton*® of water content gradient in Fig. 9.

A recent study®” employing the poroelastic theory and treat-
ing the solvent within the membrane as a Newtonian fluid,
derived a model for the fraction of solvent volume fraction, ¢,
across the membrane as a function of pressure:

b=l - Sra(1+7) (5.1

where ¢ and d)g are the volume fractions of solvent and
polymer at the feed side, respectively, M is the elastic modulus
combining the shear and compressive moduli, P is the pressure
difference across the membrane, x is the local position, and L is
the membrane thickness. Fig. 11B presents the solvent content
gradient based on eqn (8.1). The solvent content shows a large
gradient for an elastic membrane (small M), but remains
constant across the membrane for a fully rigid film (M — +o0).

View Article Online

Chem Soc Rev

Meanwhile, the compressed membrane has smaller pores
and less accessible space for solvent transport. This confine-
ment induced by compaction can decrease the solvent
permeance,'’® leading to the non-linear flux-pressure relation-
ship in Fig. 10. The poroelastic model relates the solvent flux Jg
to the pressure though the following equation:®*

$JAP

Js = Sl (8.2)

ﬁ[dfg g0 _1}
¢

2Mo | ) TP O,
where ¢ is the friction coefficient between the polymer and the

solvent, and &, and M, are the values of the friction coefficient
and elastic modulus at the feed side, respectively.®” When a
small pressure is applied or when the matrix is inelastic, i.e.,
AP <« M,, the solvent flux exhibits a linear dependence on AP
(Fig. 11C). However, for an elastic matrix and/or very high
pressure (AP ~ M,), the flux is non-linear. Hence, the experi-
mental observations of nonlinear solvent flux with pressure
(i.e., Fig. 10A) are due to compaction and cannot be used as
evidence to support the solution-diffusion mechanism.

It should be noted that when water content varies across the
membrane under compaction, it cannot lead to molecular
diffusion down the water content gradient. Fig. 12A shows a
hypothetical membrane with conical pores (i.e., larger pores
near the feed side) when there is no pressure difference. With-
out any external driving force, it is self-evident that water never
flows from the left to the right due to the water content gradient
within the membrane. Otherwise, it implies that water would
flow without any energy input, like a perpetual motion
machine, violating the laws of physics. A more realistic poly-
meric membrane is illustrated in Fig. 12B where the pores near
the feed side are hydrated to a higher degree. With the same
line of reasoning, no water flow is expected in the membrane
of Fig. 12B. Therefore, the membrane-scale water content
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Fig. 11

(A) Schematic representation of an elastic membrane compacted under an applied pressure. The change in the thickness of the membrane due

to compaction is denoted by 8L. (B) Water content gradient within the membrane and (C) solvent flux-pressure relationship as predicted by the
poroelastic model.82 The volume fraction of solvent (¢s) is calculated by eqn (8.1). The solvent flux (Js) as a function of the pressure difference across the
membrane (AP) is estimated by egn (8.2). The elastic modulus (M) is assumed to be constant within the membrane for conceptually illustrating the
relationships. The membrane with a smaller elastic modulus (red, M;) has a more compressible matrix, showing a larger compaction gradient and greater
deviation from linearity in the flux-pressure relationship, compared to a more rigid membrane (purple, M,). A fully inelastic membrane (blue, M — +o0)
exhibits constant solvent content across the membrane and a linear flux-pressure relationship, which is identical to Darcy's law.
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Fig. 12 A water content gradient in hydrated membrane pores in the absence of a pressure difference. The membrane in (A) has fictitious cone-shape
pores where the pores near the feed side are larger. In a more realistic system, the membrane in (B) has more wet (or hydrated) pores near the feed side of
the membrane. In both (A) and (B), existence of a water content gradient at the membrane scale cannot cause a diffusive transport of water across the
membranes as otherwise we will have a perpetual motion machine of the first kind that can do work indefinitely without an energy input. This implies that
the results in Fig. 9B can not necessarily be used as hard evidence for the SD model.

measurements in Fig. 9B cannot be used as evidence for the
solution-diffusion mechanism.

Directional diffusion transport occurs when there is a
concentration gradient at the molecular scale, not at the
membrane scale. As indicated in Box 1, dispersed molecules,
such as solvent molecules uniformly mixed in another medium,
can diffuse from regions of high concentration to regions of low
concentration. A gradient in volume fraction of water at the
membrane scale does not necessarily imply a gradient
in concentration at the molecular scale. Variations in the number
of hydrated pores along the membrane can also result in the
membrane-scale measurements of water volume fraction gradient.

8.2 Evidence in support of the pore-flow model

In a recent study,’® nonequilibrium molecular dynamics

(NEMD) simulations of water transport across a polyamide
membrane were performed to better understand the molecular-
level mechanism of transport in RO membranes. As shown in
Fig. 13A, the simulation consists of a 10 nm-thick polyamide
membrane, water molecules in the feed and permeate reservoirs,
and two rigid graphene sheets acting as pistons. Different pressure
differences between the two pistons were applied to drive water
molecules through the membrane. As discussed in Sections 5 and
8.1, water flux would reach a limiting value for very large applied
pressures if the water transport was governed by the SD mecha-
nism. However, the NEMD simulations®® (Fig. 13B) show that
water flux follows a linear relationship with pressure. This linear
relationship contradicts the prediction of a limiting flux by the SD
model and can be best described by a viscous-type pore-flow
transport model.

In the SD model, the pressure inside the membrane is
assumed to be constant and equal to the pressure in the feed
reservoir (Fig. 6B). This assumption leads to the chemical
potential gradient to be only expressed as the gradient in a
water concentration gradient inside the membrane. However,
the NEMD simulations®® show no indication of a water concen-
tration gradient as shown in Fig. 13C. Additionally, NEMD-
computed pressure in Fig. 13D changes linearly across the
membrane, implying a pressure-driven transport within the

This journal is © The Royal Society of Chemistry 2023

membrane. These results in Fig. 13C and D provide compelling
evidence that the water flux has no diffusive component and is
only driven by a hydrostatic pressure.

The SD model relies on Fick’s continuum law of diffusion
for a binary system as described in Section 5. In such a conti-
nuum description, both components (i.e., membrane and water
molecules) must be perfectly mixed for any given material
element. In other words, water molecules in the SD model are
expected to diffuse individually down a concentration gradient.
However, the water-water coordination numbers obtained from
the NEMD simulations®® paint a different picture of water
phase and structure inside the membrane. As shown in
Fig. 13E, a water molecule in the membrane is surrounded by
~5 other water molecules in the simulations. This indicates
that water molecules exist in clusters and travel across the
membrane without being dispersed.

Overall, the NEMD simulations®****** support the idea that
transport is governed by a pore-flow mechanism. Of course, no
fixed pores are expected to exist in a polymeric RO membrane.
Rather, the network of water clusters or hydrated regions within
the polymer matrix are constantly changing and fluctuating
because of the applied pressure and thermal motion of the
polymer matrix. In the NEMD simulations,*® a number of these
water clusters can transiently be connected together, providing
a passage or pore for water molecules to travel through the
membrane. These transient passages and pores are constantly
being formed and broken up as shown in recent NEMD
simulations.*® The presence and dynamics of these pores are
dependent upon the geometry of the polymer network, the
relative size of the solvent molecules, applied pressure, and
temperature. We note that for water transport to occur through
such a dynamical network of pores, the generated pores and
passages must remain long enough for the time scales of water
flow through the membrane as illustrated in Fig. 14. Network of
interconnected pores in RO membranes have also been
observed in recent experimental studies.>®*!

The size of these pores in RO membranes is less than
~1 nm.*»** Therefore, continuum-based flow theories (e.g.,
Darcy law) may break down in describing water transport in RO
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(orange). Water molecules are visualized as a light blue transparent surface. Hydraulic pressure (P,) is applied to the left graphene sheet during the
simulation, and a standard atmospheric pressure (P,) is applied on the right graphene sheet. (B) Water flux through the polyamide membrane as a
function of applied pressure. The dash red line is calculated based on the SD model. Number of water molecules (C) and pressure (D) along x-direction
through the polyamide membrane under two pressure differences (300 and 600 bar). (E) Probability distribution of water molecules in the feed reservoir,
inside the polyamide membrane, and in the permeate reservoir obtained when a steady state condition is reached under 300 bar. Data taken from

reference Wang et al. (ref. 36).

membranes. However, water transport in these nanopores is
still governed by viscous flow and driven by pressure gradient.
For subnanometer nanopores in membranes with well-defined
structures (e.g., carbon nanotubes and single-layer graphene
nanopores), it has been shown that viscous flow governs water
transport and continuum-based theories can still hold when
hydrodynamical properties of water (i.e., viscosity and slip
lengths) are adjusted for the effect of nanoconfinement.®> %°

8.3 Is RO transport governed by both solution-diffusion and
pore-flow mechanisms?

In the early years of RO desalination, enabled by the discovery
of cellulose acetate membranes, a number of research studies

8474 | Chem. Soc. Rev,, 2023, 52, 8455-8480

suggested that both diffusive and viscous flows contribute to
the total transport (l €., Jrotal = Jviscous-flow ]diffusive—ﬂow) in
polymeric membranes.®*'°®'%” For example, Meares'®” claimed
that 99% of water transport occurs via viscous flow and only 1%
by a diffusive mechanism in cellulose acetate membranes. In
another study by Yasuda and coworkers,"*® it was proposed that
water transport is dominated by a diffusive mechanism for very
low volume fractions of water in polymeric membranes, while
for higher volume fractions of water, viscous flow governs the
water transport.'®® In these studies, the transport rate in
experiments under applied pressure was compared to the pure
diffusive transport rate, in which the diffusion coefficient of
water (e.g., radiolabeled water molecules'*®) was determined

This journal is © The Royal Society of Chemistry 2023
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Fig. 14 (A) Schematic representation of the PF-type water transport at time t,. (B) Because of the thermal motion of the polymer chains, the existing
pores at t, can disappear and new pores can form at to, + Tpore (Tpore is the time scale of pore formation/breakage). This viscous-type flow mechanism with
transient pores is inspired by the molecular simulations,®® where trajectories of some tagged water molecules were monitored throughout their
complete transport from the feed side to the permeate side. The presence of a feed-to-permeate passage through a network of pores that is long
enough (t,ore) for the time scales of water flow (tyansport) through the membrane ensures that transport is governed by a pore-flow mechanism in

polyamide membranes through transiently available pores.

from a concentration gradient driven experiment (i.e., in the
absence of applied pressure). The water transport was assumed
to be of diffusive nature when the pressure-driven transport
rate was comparable to what would be expected from a pure
diffusion-based transport mechanism. For larger transport
rates than would be expected from a diffusion-based mecha-
nism, a viscous mechanism was believed to govern the trans-
port. However, having transport rates similar to the rates
expected from diffusion does not imply the existence of a
diffusive transport mechanism for experiments under pressure.
Rather, it can be interpreted as a slow viscous-type flow whose
rate happens to be on the same order of magnitude as for
diffusion motion.

A recent development of a model based on the poroelastic
theory attempts to unify the pore-flow and solution-diffusion
models.?* This so-called fluid-solid model presents a two-phase
framework, treating the solvent phase as a Newtonian fluid and
the membrane phase as a homogeneous elastic polymer. This
continuum treatment requires the two phases to be perfectly
mixed, which is not realistic for desalination membranes that
are known to be highly heterogeneous.”*® By simultaneously
incorporating Fick’s second law of diffusion for the binary
system and the Navier-Stokes equation for solvent flow, the
model achieves identical permeability values for both pore-flow
and solution-diffusion mechanisms. Consequently, solving the
coupled governing equations for these mechanisms ensures
that the model predicts identical transport behavior.

However, this mathematical treatment raises concerns as it
describes transport through pressure-driven flow at the pore
level and concentration-driven transport at the membrane level
(Fig. 15). In theory, the two driving forces could contribute
additively to the total flux (i.e., Jiotal = Jor + Jsp). However, the
fluid-solid model imposes a condition where the two driving
forces contribute to the same flux (i.e., Jiotal = Jpr =Jsp), Which is
deemed unphysical. Consequently, this conflicting transport
description fails to provide a clear understanding of the true
mechanism underlying water transport in RO membranes.

This journal is © The Royal Society of Chemistry 2023

Essentially, the model solves for transport in two separate
realms—one where transport is governed by chemical diffusion
and another where transport is driven by pressure as illustrated
in Fig. 15.

8.4 Osmosis is governed by pressure gradient, not a solution—-
diffusion mechanism

To better understand the true mechanism of water transport in
RO membranes, it is important to revisit the physics of osmo-
sis. Osmosis, by its very nature, is governed by a hydrostatic
pressure gradient rather than a water concentration gradient. It
is surprising that this fundamental concept needs reaffirma-
tion even a century after its elucidation by two giants, van’t Hoff
and Debye."'%® In 1923, Debye recognized that the imbalance of
membrane-solute forces results in a pressure difference driving
the osmotic water flow.'*® Under no external applied hydraulic
pressure (forward osmosis), the osmolality or concentration
difference between the feed and permeate side solutions
induces a hydrostatic pressure gradient within the semiperme-
able membrane (Fig. 16).'°° The water molecules migrate down
the pressure gradient during osmosis. This pressure profile for
osmosis has been proposed or rediscovered by different
researchers."'*'® Notably, the water transport driven by osmo-
tic pressure is, in nature, not different from the transport
driven by applied hydraulic pressure.

Surprisingly, there is a widespread misconception that
wrongly attributes the theoretical basis of osmosis to a water
concentration gradient or the solution-diffusion mechanism.
Accepting a concentration gradient-driven mechanism suggests
that osmosis cannot occur in a rigid semipermeable pore,
which is evidently incorrect."'® Moreover, the solution-diffu-
sion model fails to explain water transport in forward osmosis.
The solution-diffusion model claims that the hydrostatic pres-
sure drop at the permeate side creates a water concentration
gradient, but in forward osmosis, there is no applied hydro-
static pressure to create such a gradient of water concentration.
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AQditiogallyt the treat@ent of interf?cial pressures .in the qu - ngq =pf, —nf, (8.3a)
solution—diffusion theory is self-contradictory. In osmotic pro-
cesses, the driving force for water transport is the total pres- d - ngq =pd ol (8.3b)

sure, P, which combines the hydrostatic pressure, P, and

osmotic pressure, 7 (i.e., P* = P—n). The profile of total pressure where superscripts f and d denote the feed and draw solutions,
must be continuous from the feed solution, across the respectively, aq represents the pressure in the bulk solution
membrane, and to the permeate/draw solution. To yield a phase, and m indicates the pressure in the membrane phase
continuous total pressure, or equilibrium at the membrane- (i.e., membrane pores). The SD model assumes a constant
solution interfaces, the pressures at the membrane-bulk pressure within the membrane; therefore, in forward osmosis,
solution interfaces should follow*® the hydrostatic pressure remains unchanged across the system,

A Pore-Flow Model

—\_

Forward Osmosis Mechanism

y e ) P
Feed Membrahé Draw Feed Membrane Draw

Fig. 16 (A) Schematic representation of the pore-flow mechanism for water transport across a semipermeable membrane in forward osmosis. Water
flows continuously down a pressure gradient through the membrane pores, from the pure water feed to the saline draw solution. (B) Profiles of water
chemical potential u,, hydrostatic pressure P, and water concentration c,, across a semipermeable membrane during osmosis. The osmolarity difference
results in an osmotic pressure difference, Arn, inducing a hydrostatic pressure gradient within the membrane. Water concentration is constant (i.e., pure
water) within the membrane pores as the membrane is assumed to fully reject salt.
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as no external hydrostatic pressure is applied (qu =p,=r =
P;jq). For a system with a pure water feed and a saline draw
solution, based on the solution-diffusion model, eqn (8.3b)
dictates that, at the saline draw solution side, the osmotic
pressure within the membrane pores, n, is equal to the
osmotic pressure in the bulk solution, ngq. This outcome of
equal osmotic pressures (i.e., ngq = nd) implies that the salt
concentration within the membrane should be identical to the
saline draw concentration. However, this relationship is erro-
neous as it suggests no salt exclusion, which is the basis of salt
rejection in such membranes.*®

A sound and consistent understanding of the physics
behind osmosis is essential in both mechanistic studies and
membrane development. From the perspective of a water
molecule in motion within the membrane, there is no distinc-
tion between a pressure generated by external mechanical
forces and a pressure originating from osmolality. Pressure denotes
the volumetric density of intramolecular potential energy present
within these water clusters throughout the membrane. The gradi-
ent shows how this pressure dissipates through the molecular
friction between the solvent and membrane. The solution—friction
model clearly portrays this concept.*®

9. Conclusion and outlook

This tutorial review article has provided a comprehensive
discussion of water transport in RO, starting with a historical
timeline of the key developments in RO and progressing to the
discussion of water transport mechanisms and models
proposed for RO membranes. We also discussed the chemical
and physical structure of RO membrane materials, supported
by relevant analytical characterization techniques. Additionally,
we have critically analyzed the key models and mechanisms for
water transport in RO membranes. One notable finding is that
the evidence supporting the widely-accepted solution-diffusion
mechanism is flawed. Instead, our examination along with
recent molecular dynamics simulations studies suggest that a
pore-flow mechanism is more likely to occur in RO membranes.
Through our analysis, we have highlighted the role of membrane
compaction in creating a water content gradient, which does not
involve molecular diffusion but rather signifies higher hydration
on the feed side. Furthermore, it is important to note that the two
water transport mechanisms, solution-diffusion and pore-flow,
cannot be unified as recently suggested by Hegde et al.,** as these
mechanisms are quite different.

Developing next-generation RO membranes requires a fun-
damental understanding of water and salt transport mechan-
isms. Such understanding necessitates the use of innovative
in situ instrumentation that can reveal the molecular-level
intricacies of water transport and pore dynamics during RO
operation. While potent techniques like PALS, WAXS, and 3D
tomography exist, they are used for static membrane samples.
Future experiments should involve characterization of RO
membranes under applied pressures to unveil the relationships
among driving forces, pore structure, and transport of both

This journal is © The Royal Society of Chemistry 2023
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solvent and solutes. These in situ characterization techniques
require the coupling with novel testing devices compatible with
pressurized water flows.

In recent molecular-level simulations, the presence of
pores in polyamide membranes has been identified. However,
our understanding of the pore structure and its influence on
water transport remains somewhat limited. To gain deeper
insights, future molecular simulations should focus on inves-
tigating the structure and dynamics of pores and how the
transient network of these pores affect water transport in
polyamide membranes. For these simulations, it is crucial to
develop membrane models that accurately represent the true
polyamide structure and chemistry. Currently, the polymeriza-
tion simulations used to construct polyamide membrane
models rely on distance-based bond reactions, which fail to
describe bond formation and breakage at quantum level.
Therefore, future research should focus on developing
quantum-quality interatomic potentials that can effectively
describe the realistic chemistry of polymerization. The advance-
ment of machine learning techniques offers promising
possibilities."® By training interatomic potentials on quantum
mechanical calculations, it has become possible to perform
molecular simulations with the accuracy of quantum mechan-
ical methods, while maintaining the computational efficiency
of classical molecular dynamics. These machine learning-based
reactive potentials have significantly enhanced the spatiotem-
poral capabilities of molecular dynamics simulations.”® This
research direction holds great potential for advancing our
molecular-level understanding of membrane behavior and
water transport.

Swelling and deswelling mechanisms of RO membranes
under varying feed salinities and pressures remain unclear
and often overlooked. To gain a deeper understanding of these
mechanisms, it is paramount to investigate the relationships
between water molecules/clusters and the sub-nanometer pores
of the membranes. Analyzing the energy barriers faced by water
molecules at the pore entrance can shed light on these intricate
relationships. Moreover, these energy barriers are believed to
correlate closely with the frictional coefficients governing water
transport within these pores.*® Advanced instrumental meth-
ods can be utilized to analyze the behavior of water molecules
as they enter RO membranes under different external salinities
and pressures. In parallel, computational simulations can be
employed to investigate the friction between water molecules
and the membrane matrix. The insights derived from such
research efforts can substantially enhance our understanding
of water transport, offering a roadmap for refining membrane
production and optimizing operational methodologies.

Although compaction in elastic polymer systems is known to
be a universal phenomenon, its occurrence in the selective layer
is among the least explored aspects of RO membranes. There is
a notable absence of an a priori model, particularly one
centered on the forces between polymer and solvent molecules,
to thoroughly explain polyamide compaction. Investigating
stress and compaction in polyamide membranes is an essential
step for better understanding RO water transport. Beyond
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analyzing the flux-pressure relationships, experimental charac-
terization of the elasticity of solvent-swollen membranes
deserves more research efforts. In addition, MD simulations
can shed light on how compaction forces alter pore dimensions
and subsequently affect transport. By synergizing modeling,
simulations, and experimental investigations, we can develop a
better understanding of compaction and its effect on water
transport.
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