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ABSTRACT: Salt permeability of polyamide reverse osmosis
(RO) membranes has been shown to increase with increasing feed
salt concentration. The dependence of salt permeability on salt
concentration has been attributed to the variation of salt
partitioning with feed salt concentration. However, studies using
various analytical techniques revealed that the salt (total ion)
partitioning coefficient decreases with increasing salt concentration,
in marked contrast to the observed increase in salt permeability.
Herein, we thoroughly investigate the dependence of total ion and
co-ion partitioning coefficients on salt concentration and solution
pH. The salt partitioning is measured using a quartz crystal
microbalance (QCM), while the co-ion partitioning is calculated
from the measured salt partitioning using a modified Donnan
theory. Our results demonstrate that the co-ion and total ion partitioning behave entirely differently with increasing salt
concentrations. Specifically, the co-ion partitioning increased fourfold, while total ion partitioning decreased by 60% as the salt
(NaCl) concentration increased from 100 to 800 mM. The increase in co-ion partitioning with increasing salt concentration is in
accordance with the increasing trend of salt permeability in RO experiments. We further show that the dependence of salt and co-ion
partitioning on salt concentration is much more pronounced at a higher solution pH. The good co-ion exclusion (GCE) model�
derived from the solution−friction model�is used to calculate the salt permeability based on the co-ion partitioning coefficients.
Our results show that the GCE model predicts the salt permeabilities in RO experiments relatively well, indicating that co-ion
partitioning, not salt partitioning, governs salt transport through RO membranes. Our study provides an in-depth understanding of
ion partitioning in polyamide RO membranes and its relationship with salt transport.
KEYWORDS: reverse osmosis, salt transport, salt partitioning, co-ion partitioning, quartz crystal microbalance, solution−friction model

■ INTRODUCTION
Reverse osmosis (RO) is the dominant technology for
desalination and water purification due to its high energy
efficiency and superior product water quality. In the RO
process, hydraulic pressure is applied to the saline feed stream
to drive water molecules across a semipermeable membrane
while rejecting the salt ions. Thin-film composite (TFC)
membranes are state-of-the-art RO membranes, with an
aromatic polyamide (PA) active layer on top of a nonselective
porous polysulfone support layer.1 The thin (a few hundreds of
nanometers), highly cross-linked active layer is formed by the
interfacial polymerization of m-phenylenediamine (MPD) and
trimesoyl chloride (TMC).2

Transport of salt and water through the PA active layer is
critically important for RO desalination performance as it
governs the water−salt selectivity of the TFC membranes.
However, despite the wide use of RO technology, there is a
lack of fundamental understanding of the mechanisms of salt
and water transport in RO membranes. The phenomenological

solution−diffusion (SD) model is commonly used to describe
water and salt transport through the active layer of RO
membranes.1,3,4 The SD model assumes that the active layer is
a nonporous polymer phase, with water and salt transport
driven by the concentration gradient. Specifically, salt flux in
the SD model is proportional to the salt concentration
difference across the membrane, with a proportionality (or salt
permeability) coefficient that is independent of operating
conditions (i.e., feed salt concentration and permeate water
flux).
Recent studies, however, have demonstrated that salt

permeability in RO membranes significantly increases with
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increasing feed salt concentration.5−7 Based on the SD model,
the salt permeability is determined by the product of the salt
partitioning coefficient and salt diffusion coefficient inside the
membrane.1,3,8 As the salt diffusion coefficient inside the
membrane is relatively insensitive to salt concentration, the
dependence of salt permeability on salt concentration has been
ascribed to the dependence of the salt partitioning coefficient
on salt concentration.8,9

Significant progress has been made in quantifying salt
partitioning into the PA layer of TFC membranes by various
analytical techniques, including quartz crystal microbalance
(QCM),10−12 electrochemical impedance spectroscopy,13−15

and Rutherford backscattering spectroscopy.16 However, all
these studies demonstrated that the salt partitioning coefficient
decreases with increasing salt concentrations, in contrast to the
common experimental observations of increased salt perme-
ability as the feed salt concentration increases. Hence, there is
a crucial need for an in-depth investigation of salt partitioning
in RO and its relationship with salt transport mechanisms and
membrane salt permeability.
Given that the PA active layer of RO membranes is

negatively charged due to unreacted carboxyl groups within the
PA layer,17−19 the partitioning of anions (i.e., co-ions) is
different from that of cations (i.e., counter-ions). Specifically,
the fixed negatively charged groups inside the PA membrane
favor the partitioning of counter-ions and hinder the
partitioning of co-ions. The overall salt flux, however, is
controlled by the species with less permeability (i.e., co-
ions).20−23 Therefore, the behavior of co-ions is the limiting
factor and thus governs the overall salt flux across the RO
membranes. To date, however, no studies have been reported
on quantifying the partitioning coefficient of co-ions and
relating it to salt permeability in RO membranes.
In this study, we developed a method to quantify the

partitioning coefficient of co-ions into the PA active layer of
RO membranes based on the measured total ion (salt)
partitioning using a QCM. We demonstrate starkly different
behaviors of co-ion partitioning and total ion (salt)
partitioning at different salt concentrations and solution pHs.
Notably, our results reveal that co-ion partitioning increases as
the feed salt concentration increases, in contrast to the total
ion partitioning which continuously decreases with increasing
salt concentration. Additionally, as the solution pH is
increased, the partitioning coefficient of salt increases while
that of co-ions decreases. The measured salt permeabilities of
RO membranes were dependent on the co-ion partitioning
coefficient, not the total ion (salt) partitioning coefficient, in
agreement with the good co-ion exclusion (GCE) model. Our
results highlight the significance of co-ion partitioning�not
salt partitioning as implied by the SD model�in governing salt
transport through RO membranes.

■ THEORY
Solution−Friction Model for Salt Flux in RO Mem-

branes. Salt transport through RO membranes can be
described by the solution−friction model.5,24 The model is
based on the generalized Maxwell−Stefan framework, which is
obtained from a force balance on the individual species in the
system. Specifically, the driving force for salt transport in RO
membranes is the gradient of chemical potential, compensated
by the frictional forces exerted on the salt ions. The frictional
forces arise due to the difference in velocities between the ions
and water as well as that between the ions and the membrane

matrix.5,24 These frictional forces can be expressed as the
product of the velocity difference and the frictional coefficient
between the species (i.e., ions and membrane and ions and
water).
The force balance can be written as25,26

RTf v v

RTf v v RTf v v

( )

( ) ( )

i
j

i j i j

i w i w i m i m

=

= + (1)

where μi is the chemical potential of salt ions, f i−w and f i−m are
the frictional coefficients between ions and water and between
ions and the membrane, and vi, vw, and vm are the velocities of
ions, water, and the membrane, respectively. As the membrane
is stationary, vm is zero. In addition, the chemical potential (μi)
is collectively contributed by the concentration and electrical
potential

RT c RTzlni i i i
0= + + (2)

where μi
0 is the chemical potential at the reference state, R is

the gas constant, T is the absolute temperature, ci is the ion
concentration inside the membrane, zi is the ion valence, and φ
is the dimensionless electrical potential. Substituting eq 2 in eq
1 and rearranging yields the ion velocity5
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The flux of ion i, a product of ion concentration and ion
velocity, can be calculated as

J K c v K D
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(4)

where Ji is the ion flux, Kf,i is the frictional factor, and Di is the
diffusion coefficient of ion in the membrane. The latter can be
approximated as the product of the ion diffusion coefficient in
bulk solution and the effective porosity of the membrane.27 By
comparing eqs 3 and 4, we show that Kf,i is related to the
frictional coefficients via the following equation

K
f

f fi
i w

i w i m
f, =

+ (5)

In addition, Di is proportional to the inverse of f i−w as
described by the Einstein relation28

D
RT
fi
i w

=
(6)

We note that eq 4 is identical to the ion flux described by the
solution−friction (SF) model.5,24

Salt Permeability Based on the GCE Model. Due to the
low Peclet number in RO membranes, the contribution of
advection (first term on the right-hand side of eq 4) to the ion
flux is relatively small.24,29−31 Furthermore, the net flux (i.e.,
combination of electromigration and diffusion) through the
membrane is primarily contributed by the diffusion mecha-
nism.32 We can then integrate eq 4 to obtain the ion flux

J K ci i i if, m,= (7)

where im, is the transmembrane mass transfer coefficient and
Δci denotes the difference in the ion concentration across the
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membrane. Note that im, is related to Di and membrane
thickness, Lm

D
Li

i
m,

m
=

(8)

To further simplify eq 7, we introduce the GCE model.33−35

In brief, inside the membrane, the concentration of co-ions is
orders of magnitude smaller than that of counter-ions. It has
been demonstrated that the overall salt flux is controlled by the
species with less permeability (i.e., co-ions).20,21,23,32 Based on
the GCE model, we can arrive at the following equation

J K K cs f,co m,co co s,b= (9)

where Js is the salt flux, Kf,co is the frictional factor of co-ions,
m,co is the transmembrane mass transfer coefficient of co-

ions, Kco is the partitioning coefficient of co-ions, and Δcs,b is
the salt concentration difference between the feed and
permeate bulk solutions. Based on eq 9, the salt permeability,
BGCE, can be obtained as

B K KGCE f,co m,co co= (10)

Extracting Co-ion Partitioning from Salt Partitioning.
Current continuum models consider three partitioning
mechanisms of salt ions in RO and nanofiltration membranes:
Donnan effect, steric exclusion, and dielectric exclusion.7,28,36

The latter two, however, are not independent of each other as
they are both related to pore size and ion size.37−39 Herein, to
simplify the complex partitioning phenomenon, we consider
the classic Donnan effect and lump all the other partitioning
mechanisms as non-Donnan effects. The former is due to the
electrostatic interactions between ions and membrane, while
the non-Donnan effects are primarily a function of the pore
size and ion size (i.e., independent of salt concentration after
accounting for the effects of water structure).40 Hence, the
partitioning of salt can be described by modifying the classic
Donnan theory (assuming monovalent salt)

c c exp( )ct,m s,b ct D= (11a)

c c exp( )co,m s,b co D= (11b)

c c2 cosh( )tot,m s,b D= (11c)

c c X 0m mct, co, + = (11d)

Here, cct,m and cco,m are the counter-ion and co-ion
concentrations inside the membrane, respectively, Φct and
Φco are the counter-ion and co-ion non-Donnan partitioning
coefficients, respectively, Φ is the non-Donnan partitioning
coefficient (i.e., the geometric mean of Φct and Φco, details in
the Supporting Information), ΔφD is the dimensionless
Donnan potential (i.e., Donnan potential divided by the
thermal voltage, 0.0256 V at 25 °C), cs,b is the salt
concentration in the solution outside the membrane, ctot,m is
the total ion concentration inside the membrane (i.e., the sum
of cct,m and cco,m), and X is the membrane charge density (a
negative value).
To further simplify the analysis and experimental measure-

ments, we assume that Φct and Φco are equal. With this
assumption and considering that Φ is the geometric mean of
Φct and Φco, we can obtain Φ from eq 11c, if the membrane
charge that induces the Donnan effect is completely screened
(i.e., ΔφD = 0). Specifically, we perform QCM measurements

(described in the Materials and Methods section) for the PA
membrane with a solution of 1.2 M NaCl at a pH of 4.5. A
high salt concentration screens the surface charge and pH 4.5,
near the isoelectric point of the membrane,18,41,42 eliminates
the effect of electrostatic forces. Under these solution
conditions, Φ can be determined following eq 11c once ctot,m
is quantified via QCM measurements. Though the analytical
approach is theoretically sound, the deswelling of the PA film
at high salt concentrations would add uncertainty to the
quantification of salt partitioning.43

For quantifying the co-ion partitioning coefficient, the
Donnan potential, ΔφD, must be determined. We calculate
ΔφD from eq 11c using Φ (determined as described above),
ctot,m (the total ion concentration inside the membrane
determined from QCM measurements), and cs,b (salt
concentration in the solution outside the membrane)

c

c
cos h

2D
1 tot,m

s,b
=

i
k
jjjjj

y
{
zzzzz

(12)

Finally, the partitioning coefficients of the salt (total ions)
and co-ions can be quantified using

K cos h( )tot D= (13a)

K exp( )co D= (13b)

where Ktot and Kco are the partitioning coefficients of total ions
(i.e., salt) and co-ions, respectively. Note that because PA RO
membranes are negatively charged, ΔφD in the above
equations is negative. We also note that Kco is conceptually
equivalent to the mobile salt partitioning coefficients in
previous studies.10,11

■ MATERIALS AND METHODS
Materials and Chemicals. A stock solution of 5 M NaCl

was prepared by dissolving sodium chloride in deionized (DI)
water. The stock solution was used to adjust the salt
concentration in the salt partitioning measurements and RO
filtration experiments. The solution pH was adjusted by the
addition of concentrated hydrochloric acid (HCl) or sodium
hydroxyl (NaOH) solutions. All chemicals were ACS-grade
(Fisher Scientific, Pittsburgh, PA). A commercial PA TFC RO
membrane (SW30 XLE, Dow Chemical Company, Midland,
MI) obtained as a flat sheet (purchased from Sterlitech
Corporation) was used in our partitioning measurements and
salt rejection experiments.

Membrane Sample Preparation. Before the partitioning
measurements and salt rejection experiments, the as-received
membrane was wetted by soaking in a solution of 25% v/v
isopropanol in DI water for 30 min, followed by a thorough
rinse with DI water three times. For the partitioning
measurements, the PA active layer was isolated from RO
membrane coupons onto 5 MHz QCM sensors (QSX 301
gold, Nanoscience Instruments, AZ). Specifically, the mem-
brane coupon was first cut into a circular shape with an area of
0.78 cm2, matching the size of the QCM sensor. Next, the
polyester backing layer of the circular membrane coupon was
peeled off with a tweezer, leaving a composite of the
polysulfone support and PA layers. The composite membrane
sample was then placed on the QCM sensor with the PA layer
in contact with the sensor. Following this step, the composite
membrane and the sensor were clamped between a glass plate
and a cubic block with a cylindrical cutout (Figure S1). We
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note that the cylindrical hole matched the membrane
composite before being clamped together. Last, dimethylfor-
mamide (DMF) was added inside the hole to dissolve the
polysulfone layer, leaving the PA layer on the QCM sensor. To
ensure the complete removal of the polysulfone, the DMF
solution inside the hole was replaced five times. Before use, the
QCM sensor coated with the PA layer was air-dried overnight
in a hood.
Salt Partitioning Measurements with QCM. A QCM-D

(Biolin Scientific, Sweden) was used to quantify the areal mass
of the coated PA layer on the QCM sensor (mAL) and the
amount of partitioned salt into the PA layer (msalt). A
peristaltic pump (Ismatec, IDEX Corporation, IL) was used to
provide influent flow to the Q-sense flow chamber where the
PA-coated sensor was mounted beforehand. All tests were
performed with a flow rate of 30 μL min−1 in a temperature-
controlled (22 °C) environment.
To determine the areal mass of the coated PA layer, mAL, we

ran QCM tests with the sensors before and after they were
coated with the PA layer in air. The frequency change (Δf)
detected by QCM is related to the mass change (Δm) based
on the Sauerbrey equation44

m C
f

n
=

(14)

where n is the overtone number (n = 5 in this study) and C is
the crystal constant (17.7 ng Hz−1 cm−2 for a 5 MHz QCM).
The thickness of the PA layer (δ) is then obtained by dividing
mAL by the density of the PA layer (1.24 g cm−3).45−47 For
different sets of experiments, δ was determined to be relatively
stable (∼100 nm, see the Supporting Information, Table S1).
Before each partitioning test, the sensor coated with the PA

layer was mounted to the Q-sense flow chamber. To ensure full
hydration of the PA layer, DI water, adjusted to the desired
pH, continuously flowed through the chamber for 6 h. Then, a
solution with the target pH and salt concentration was passed
through the QCM flow chamber. Three solution pH values
(i.e., 4.5, 6.0, and 10.2) were tested. For each solution pH, the
salt (NaCl) concentration increased gradually as follows: 100,
200, 400, 600, and 800 mM (Figure 1). The coated sensor was
exposed to the salt concentration until the frequency became
stable with time. A typical frequency profile is shown in the
Supporting Information (Figure S2). An uncoated sensor was
also tested with the same solutions as a control to account for
the changes in viscosity and density in the solutions.19,48 The

mass of the partitioned salt (msalt) was determined from the
frequency change recorded by the QCM after subtracting the
frequency change detected by the uncoated sensors. This mass
change (msalt) was used to calculate the concentration of the
salt partitioned into the membrane (cs,p) as described
elsewhere10,11

m c f c f( MW (1 )MW )s,v v v s,p v p= + (15)

where δ is the membrane thickness, cs,v is the salt concentration
in the PA membrane voids, f v is the void fraction ( f v = 0.3),49

and MWv and MWp are the molecular weights of the salt in the
voids and in the membrane, respectively. Given that the voids
in the rough, nodule-like PA active layer surface of RO
membranes are tens of nanometers in size,49 the salt
concentration inside the voids (cs,v) is the same as that in
the bulk solution (i.e., no salt exclusion between bulk solution
and voids). It is further assumed that MWv is the molecular
weight of the unhydrated NaCl, while MWp is the hydrated
molecular weight. The assumption might be valid considering
that the PA film is not rigid and can accommodate the
hydrated water molecules without displacing pre-existing water
from the film, based on the work conducted by Coronell et
al.10,11 Additionally, MWp is calculated from10,11

nMW MW MWp unhydrated p water= + (16)

where MWunhydrated is the unhydrated molecular weight, np is
the hydration number, and MWwater is the molecular weight of
water. Previous studies determined that np = 12.3 for NaCl
(i.e., assumed to be the same as in bulk solution).11 The
precise quantification of np is challenging and out of the scope
of our study. Needless to mention, it will not change the trends
presented in our study.
Once cs,p is obtained, the partitioning coefficient of salt (total

ion), Ktot, can be determined from

K
c

c2tot
s,p

s,b
=

(17)

RO Setup and Salt Rejection Measurements. The RO
experiments were performed on a bench-scale cross-flow
system. The system has a rectangular plate-and-frame feed flow
channel with a length, width, and height of 7.7, 2.6, and 0.3 cm,
respectively. Before adding salt to the feed, the membrane
coupon was compacted at the target pressure for at least 6 h.
Aliquots of NaCl stock solution were then added to the feed
tank to reach the specified feed salt concentration. The

Figure 1. Schematic illustration of the QCM detecting the frequency change as the PA layer is exposed to increasing salt solution concentrations.
The PA layer is coated onto the QCM sensor before mounting in the flow-by Q-sense module. The PA-coated sensor is equilibrated with DI water
adjusted to the target pH overnight and then exposed to salt solutions with varying concentrations. The frequency decreases with increasing salt
concentration as an increased mass of salt ions partition into the PA layer. At the interface between the PA layer and salt solution, salt ions adsorb
to the membrane. Because of the negative charge of the PA membrane, more cations partition into the membrane as compared to anions.
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solution pH in the feed tank was adjusted by adding NaOH (1
M) or HCl (1 M). Three solution pH levels (i.e., 4.5, 6.0, and
10.2) were tested, with two salt concentrations (i.e., 200 and
350 mM NaCl) for each solution pH. After adding salt to the
feed tank, the applied hydraulic pressure was adjusted to set
the permeate water flux. Permeate samples were collected, and
the conductivity of the samples was measured with a calibrated
conductivity probe (Oakton CON 110, Oakton Instruments,
IL). The conductivity was then converted to salt concentration
using a predetermined calibration curve. During the experi-
ments, the cross-flow velocity was fixed as 0.21 m s−1 and the
temperature was maintained at 25 ± 0.5 °C. Duplicate
experiments with two different membranes were conducted.
To evaluate the influence of feed salt concentration and feed

solution pH, two performance metrics�salt rejection and salt
permeability�were determined based on the RO experimental
results

R
c

c
1j

perm

feed
=

(18)

c c
J

k
expmem feed

w=
i
k
jjjj

y
{
zzzz (19)

B
c J

c cexp
perm w

mem perm
=

(20)

Here, Rj is the observed salt rejection, Bexp is the membrane
salt permeability (L m−2 h−1), cfeed is the salt concentration in
the feed, cmem is the membrane salt concentration (i.e., at the
interface between the membrane and feed solution), cperm is the
salt concentration in the permeate, Jw is the permeate water
flux (L m−2 h−1), and k is the mass transfer coefficient (L m−2

h−1) in the concentration polarization layer. The latter (k =
74.9 L m−2 h−1) was determined from the difference in the
measured water fluxes before and after adding salt to the feed
tank, as described elsewhere.50,51

■ RESULTS AND DISCUSSION
Comparison of Total Ion (Salt) Partitioning and Co-

ion Partitioning. The overall partitioning of salt ions into the
PA membrane involves electrostatic (i.e., Donnan) and
nonelectrostatic mechanisms (Figure 2A). Due to the negative
charge of the PA membrane, a Donnan potential is established
at the interface between the solution and the membrane.

Specifically, the electrical potential decreases at such an
interface, resulting in a lower electrical potential inside the
membrane relative to the electrical potential in the solution
just outside the membrane (i.e., ΔφD is negative). Based on
eqs 13a and 13b, we should expect that the partitioning
coefficient of anions (i.e., Kco) would differ substantially from
that of total ions (i.e., Ktot). Furthermore, the negative Donnan
potential should lead to a smaller Kco than Ktot.
To quantify Ktot, we employed the QCM-D to measure the

frequency change of the PA layer as it is exposed to solutions
with known salt concentrations. Following eqs 13a−17, Ktot
can be determined from the QCM measurements. As shown in
Figure 2B, Ktot decreases as the feed salt concentration
increases (the scatter plot is shown in the Supporting
Information, Figure S3), in agreement with previous studies
measuring the partitioning coefficients of salt by electro-
chemical impedance,13,15 Rutherford backscattering spectros-
copy,16 and QCM-D.10,11 The decreasing trend of Ktot is
explicable in terms of the Donnan equilibrium. Increasing the
salt concentration decreases the magnitude (i.e., absolute
value) of the Donnan potential, resulting in a reduced Ktot (eq.
13a). This observation can also be explained by eq 13a: the
diminished Donnan potential, stemming from the increase of
salt concentration, reduces the partitioning of total ions.
The determination of Kco is not straightforward, requiring

calculations via the modified Donnan theory (i.e., a
combination of non-Donnan and Donnan mechanisms) as
described above in the Theory Section. The overall non-
Donnan partitioning coefficient (Φ) can be approached at a
high salt concentration (i.e., 1200 mM in this study) and when
the solution pH is near the isoelectric point of the membrane
(i.e., pH = 4.5).52 Following this method, Ktot was first
determined under these solution conditions, where the
Donnan potential can be assumed to be zero (i.e., ΔφD is
zero in eq 13a). In this case, Φ is equivalent to Ktot, which is
determined as 0.07 for our membrane (details are provided in
the Supporting Information). Note that Φ does not depend on
the salt concentration as we discussed in the Theory Section.
Hence, the Donnan potential (ΔφD) at each salt concentration
can then be calculated with the known (measured) Ktot
(determined from eq 17) and Φ. Following eq 13b, the co-
ion partitioning coefficient, Kco, can be determined for a wide
range of salt concentrations.
The calculated Kco values at various salt (NaCl) concen-

trations are shown in Figure 2B. The magnitude of Kco is about

Figure 2. Characterization of salt and ion partitioning into the PA active layer of RO membranes. (A) Schematic illustration of the effect of
membrane charge on salt partitioning. In addition to Donnan (electrostatic) partitioning, a nonelectrostatic partitioning, largely independent of
charge, also takes place. (B) Total ion partitioning and co-ion partitioning coefficients as a function of salt (NaCl) concentration. The salt
concentration varied from 100 to 800 mM NaCl, while the solution pH was fixed at 6.0. The flow rate to each Q-sense module of the QCM
apparatus was 30 μL min−1, and the solution temperature was set at 22 °C. Error bars indicate one standard deviation from duplicate experiments.
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1 order of magnitude smaller than Ktot due to the negative
charge, and hence the negative Donnan potential, of the PA
membrane. In addition, Kco increases with increasing salt
concentration, in marked contrast to the trend of Ktot. For
example, as the salt concentration increases from 100 to 800
mM, Ktot decreases from 0.20 to 0.08, while Kco increases from
0.013 to 0.050. The dependence of Kco on salt concentration is
governed by the Donnan effect. The diminished Donnan
potential (i.e., less negative value) at higher salt concentrations
leads to a lessened ability of the membrane to repel negatively
charged co-ions. As a result, more co-ions partition into the
membrane when exposed to higher salt concentrations.
The classic SD model describes salt permeability as the

product of the salt partitioning coefficient and diffusion
coefficient of salt within the membrane normalized by the
membrane thickness. In addition, it has been reported in
numerous studies that salt permeability increases as the salt
concentration increases.5,6,53 By comparing the trends of Kco
and Ktot as a function of salt concentration shown in Figure 2B,
we suggest that the salt permeability depends on Kco. In the
following sections, the relationship between Kco and salt
permeability will be thoroughly analyzed and discussed.
Total Ion Partitioning and Co-ion Partitioning Vary

with Solution pH. As discussed in the previous subsection,
the behavior of Ktot and Kco can be explained by the Donnan
effect. The Donnan effect is a function of the membrane charge
density as it determines the magnitude of the Donnan
potential. In this subsection, we evaluate the dependence of
Ktot and Kco on membrane charge. The charge of the
membrane PA layer is a function of solution pH, resulting
from the ionization of membrane carboxyl and amine
groups.17,41,54 Increasing the solution pH results in deproto-
nation of the carboxyl groups and hence an increase in the
membrane charge density, and vice versa. The volumetric
membrane charge density has been determined to be as high as
500 mM at pH > 10 and to be close to zero as the solution pH
approaches 4.18,19 Therefore, we tune the membrane charge by
adjusting the solution pH. Specifically, we evaluate the
partitioning coefficients at three solution pHs: 4.5, 6.0, and
10.2.
The magnitude of Ktot decreases when lowering the solution

pH (Figure 3A); the corresponding scatter plot is shown in
Figure S4A. Inside the negatively charged membrane, the

amount of ion species is dominated by the counter-ions. As the
Donnan potential decreases with the reduced membrane
charge at lower solution pH, the capacity of the membrane to
take up counter-ions decreases. Hence, Ktot decreases as the
solution pH changes from alkaline to acidic. In addition, the
dependence of Ktot on salt concentration becomes weaker as
the solution pH decreases. On the other hand, at pH 10.2,
carboxyl groups fully dissociate, rendering a large membrane
charge. When the highly charged membrane is in contact with
a low salt concentration solution, a large Donnan potential is
established, resulting in an appreciable Ktot. However, the
Donnan potential approaches zero as the salt concentration
exceeds a certain value due to charge screening, significantly
reducing Ktot (eq 13a). Therefore, Ktot changes drastically with
salt concentration at alkaline pH, in comparison to acidic pH
conditions.
The dependence of Kco on solution pH is in marked contrast

to that of Ktot. As shown in Figure 3B (the corresponding
scatter plot is shown in Figure S4B), the magnitude of Kco
increases as the solution pH decreases, which is attributable to
the reduced membrane charge. At the interface between the
salt solution and the membrane, the established Donnan
potential repels the co-ions and hinders their partitioning into
the membrane. This co-ion repelling effect is prominent when
the membrane carboxyl groups are fully dissociated in very
alkaline conditions (i.e., pH 10.2), thus inhibiting the
partitioning of co-ions. As the solution pH approaches the
isoelectric point, the membrane charge drastically decreases,
leading to increased Kco. Regardless of the solution pH, Kco in
general increases with salt concentration, as we have shown
before in Figure 2B. We also note that decreasing the solution
pH weakens the dependence of Kco on salt concentration due
to the lessened Donnan effect in low-pH solutions. Similar
observations have been revealed by a previous study where the
partitioning of the mobile salt increases as the solution pH
decreases.10

As discussed in the previous subsection, the dependence of
Kco on salt concentration is in line with that of salt permeability
reported by several studies5,6,53�both parameters increase
with increasing salt concentration. This trend of Kco is
consistently observed even when the solution pH is changed
over a wide range. In addition, the magnitude of Kco increases
when decreasing the solution pH. To verify the relationship

Figure 3. Effect of solution pH and salt concentration on partitioning coefficients. (A) Total ion partitioning coefficient and (B) co-ion partitioning
coefficient as a function of salt (NaCl) concentration at various solution pHs: 4.5, 6.0, and 10.2. Before the QCM test, two PA layer-coated sensors
in parallel were exposed to water with adjusted pH overnight. Then, salt concentration was gradually increased from 100 to 800 mM while the
change in frequency was recorded. The flow rate to each Q-sense module was 30 μL min−1, and the system temperature was set at 22 °C. Error bars
indicate one standard deviation from duplicate experiments.
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between salt permeability and Kco under differing solution pH,
we performed RO experiments at different feed solution pHs
to determine salt permeability from the measured salt
rejection.
Salt Rejection and Permeability Vary with Solution

pH. RO experiments at varying feed solution pH were
conducted to evaluate the influence of pH on salt rejection
and salt permeability. Similar to the measurements of
partitioning coefficients, three solution pH values were tested
in the cross-flow RO system. For each pH, the RO experiments
were conducted at varying feed salt concentrations and applied
hydraulic pressures. Salt rejection and salt permeability as a
function of permeate water flux and feed solution pH for a
fixed feed concentration (i.e., 200 mM) are presented in Figure
4 (the corresponding scatter plots are in Figure S5). Additional
data on salt rejection and salt permeability for different feed
concentrations are provided in the Supporting Information
(Figure S6). Salt rejection is enhanced by increasing the
permeate water flux due to the dilution of the permeate
solution (often called the “dilution effect”) (Figure 4A). In
addition, a higher salt rejection is observed with an increased
solution pH. Specifically, the salt rejection dramatically
increases as the solution pH increases from 4.5 to 6.0, while
the extent of salt rejection enhancement is less prominent as
the solution pH is further increased to 10.2. Accordingly, salt
permeability, inversely related to the resistance of the
membrane to salt transport, decreases as the solution pH
switches from acidic to alkaline (Figure 4B). Similar to the
dependence of salt rejection on solution pH, the difference
between the salt permeabilities at pH 4.5 and pH 6.0 is greater
than that between pH 6.0 and pH 10.2.
The SF model was employed to theoretically calculate the

salt rejection and salt permeability as a function of permeate
water fluxes for each solution pH. The SF model was described
in the Theory Section as well as in our recent publications.5

The modeling results predict the experimental data of salt
rejection and salt permeability at the various experimental
conditions very well (Figure 4, solid lines), highlighting the
reliability and robustness of the SF model. The parameters
used in the model are summarized in Table S2. We note that
the membrane charge density for each solution pH was
obtained by fitting the experimental partitioning coefficients in
Figure 3 to the SF model (details in Figure S7). In addition, Kf,i

was determined to be 0.003 by fitting the RO experimental
data to the SF model.
The effect of solution pH on salt rejection and salt

permeability is attributed to the dependence of membrane
charge on solution pH. Membrane charge, resulting from the
deprotonation of carboxyl groups, is a function of solution pH,
varying from near zero at pH ∼4 to 500 mM at pH > 10.19 As
a result, when the solution pH increases from 4.5 to 10.2, the
magnitude of the Donnan potential increases. As we have
shown earlier, co-ion partitioning decreases when increasing
the solution pH from 4.5 to 10.2, resulting from the enhanced
magnitude of the Donnan potential (Figure 3B). Therefore,
the trend of salt permeability matches that of the partitioning
coefficient of co-ions, suggesting that the salt permeability is
determined by co-ion partitioning.

Co-ion Partitioning, Not Salt Partitioning, Governs
Salt Permeability. To illustrate the relationship between salt
permeability and the co-ion partitioning coefficient, we
presented an analytical equation derived from the rigorous
SF model to quantify the dependence of salt permeability on
the partitioning coefficient of co-ions (eq 10). Based on the Kco
values derived from QCM measurements (Figure 3B), we can
theoretically calculate the salt permeability following eq 10.
However, we need to quantify the transmembrane mass
transfer coefficient and the frictional factor of co-ions before
applying the equation. The diffusion-based mass transfer
coefficient, m,co, depends on the bulk diffusion coefficient
of the ions, the effective porosity, and the thickness of the
membrane (details of estimating m,co are presented in the
Supporting Information), while the frictional factor, Kf,co,
depends on the frictions between the co-ions and the
membrane as well as between the co-ions and water (eq 5).
The frictional factor ranges from zero to 1, with 1 indicating no
friction and zero meaning infinitely large friction between the
ions and membrane.
Based on eq 10, the salt permeability, BGCE, can be

determined as a function of Kco as the latter has been
experimentally determined via QCM measurements. Since we
have already quantified Kco at varying feed salt concentrations
and solution pH, we can now plot BGCE as a function of salt
concentration for the three solution pH values (data points in
Figure 5, with the corresponding scatter plot shown in Figure

Figure 4. RO performance (salt rejection and salt permeability) determined at various solution pHs. (A) Salt rejection and (B) salt permeability as
a function of permeate water flux at three solution pHs: 4.5, 6.0, and 10.2. The experimental data were collected with a customized cross-flow RO
system operating at a cross-flow velocity of 0.21 m s−1, a temperature of 22 °C, and a feed salt concentration of 200 mM. The open symbols
represent the experimental data, while the solid lines represent the SF model predictions. Error bars indicate one standard deviation from duplicate
experiments.
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S8). Furthermore, we do not differentiate the frictional factor
for Na+ and Cl− (i.e., Kf,co is equal to 0.003). We also present
the salt permeabilities as a function of membrane surface salt
concentration generated by the rigorous SF model (solid
curves in Figure 5), which was validated by the RO
experiments. To account for the effect of concentration
polarization, the membrane surface salt concentrations were
calculated following eq 19.
The results in Figure 5 show that the salt permeabilities

based on the GCE model using the measured co-ion
partitioning coefficients are in good agreement with the SF
model. Notably, the GCE model, coupled with the modified
Donnan theory, well captures the variation of salt permeability
with salt concentration and solution pH. Overall, the results
indicate the significance of Kco in governing the salt
permeability of RO.

■ IMPLICATIONS
The salt permeability of RO membranes is a critical metric for
evaluating RO performance. However, a mechanistic under-
standing of salt permeability in RO is lacking. For example,
recent studies revealed that salt permeability increases at
higher salt concentrations, in marked contrast to the classic SD
model that assumes a constant salt permeability for RO
membranes. Within the general framework of the SD model,
the dependence of salt permeability on salt concentration has
been ascribed to the variation of the salt partitioning coefficient
with salt concentration. However, salt partitioning has been
demonstrated to decrease with increasing salt concentration, in
contrast to the predictions by the SD model.
Our findings emphasize the dependence of salt permeability

on solution chemistry (i.e., salt concentration and solution
pH). It is therefore necessary to employ the same operating
and solution conditions (i.e., salt concentration and solution
pH) when evaluating the performance of different RO
membranes. Importantly, both experiments and the theory
presented in this study demonstrate that salt permeability is
governed by the partitioning of co-ions. Specifically, the good

agreement between the GCE model and RO experimental
results supports our conclusion that partitioning and diffusion
of co-ions, not salt (total ions), govern salt transport behavior
in RO. Our study advances the fundamental understanding of
salt permeation through RO membranes, serving as an
important tool for developing better protocols for membrane
performance characterization.
Our study resolves the controversial trends between the salt

partitioning obtained from various analytical techniques (e.g.,
QCM) and salt permeability observed in RO experiments. The
highlighted significance of co-ion partitioning and membrane
charge has important implications for RO membrane
fabrication and performance optimization. For example, our
findings suggest that enhancing membrane charge density
would improve salt rejection. Such improvement is particularly
prominent when treating feed waters with low salt concen-
trations (e.g., wastewater effluent or brackish water).
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