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ABSTRACT

The development of membranes capable of precise solute-solute separation is still in its burgeoning
stage without a standardized protocol for evaluating selectivity. Three types of membrane
processes with different driving forces, including pressure-driven filtration, concentration
difference-driven diffusion, and electric field-driven ion migration, have been applied in this study
to characterize solute-solute selectivity of a commercial nanofiltration membrane. Our results
demonstrated that selectivity measured using different methods, or even different conditions with
the same method, are generally not comparable. The cross-method incomparability is true for both
apparent selectivity, defined as the ratio between concentration-normalized fluxes, and the more
intrinsic selectivity, defined as the ratio between the permeabilities of solutes through the active
separation layer. The difference in selectivity measured using different methods possibly stems
from the fundamental differences in the driving force of ion transport, the effect of water transport,
and the interaction between cations and anions. We further demonstrated the difference in
selectivity measured using feed solutions containing single salt species and that containing mixed
salts. A consistent protocol with standardized testing conditions to facilitate fair performance
comparison between studies is proposed.

KEYWORDS

Membrane separation, solute-solute separation, resource recovery, nanofiltration, diffusion,
electromigration

SYPNOSIS

Solute-solute selectivity in mixed salt separation depends on measurement method and conditions
and should be interpreted and compared with caution
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INTRODUCTION

Membrane separation has been applied for decades to address the global challenge of freshwater
scarcity. With the development of thin-film composite polyamide (TFC-PA) membranes of high
solute rejection, freshwater can now be produced efficiently using reverse osmosis (RO) or
nanofiltration (NF) from wastewater and saline water.! Recently, precise solute separation using
membranes has emerged to become one of the frontiers for membrane-based separation due to the
increasing demand for selective separation,” such as nutrient recovery from wastewater,® water
softening,”® extraction of critical and strategic minerals from brines,’!'!
reuse.'? Instead of focusing on separating all solutes from feed water, precise solute separation
refers to the separation of solutes from each other with high precision, i.e., having a very high

and industrial wastewater

rejection for some species and a very low rejection for the others. However, precise solute
separation is challenging when the solutes to be separated have similar size and charge states.

While there are other possible approaches to achieve precise solute separation (e.g., ion
exchange, electrodialysis),'>!* membrane filtration remains an attractive and the most widely
studied approach due to its operational simplicity. Many studies have been devoted to design novel
membranes with well-controlled structure or uniform pore size (or free volume) distribution that
is indispensable for achieving more precise solute-solute separation.!>~!” General approaches taken
include developing polymeric membranes (based on polyamide or alternative chemistry) with
more uniform pore size distribution and using porous nanomaterials or artificial nanochannels
either as fillers of nanocomposite membranes or to construct standalone active separation layers.'®
Nanomaterials that have been investigated toward this goal include carbon nanotubes,'*?! 2D
nanomaterials,?>2* metal-organic frameworks,> covalent-organic frameworks,?® and biological
water channels or biomimetic artificial channels.?’?® These membranes are often compared
between each other and with commercial membranes for their performance in solute-solute

separation.

The challenge with evaluating and comparing the solute-solute separation performance of
novel membranes lies in the inconsistent definition and measurement methods used in different
studies.?® In general, three types of membrane processes with different driving forces have been
applied to characterize solute-solute selectivity (Table 1): pressure-driven filtration (abbreviated
as “filtration”, Fig. 1A), concentration difference-driven diffusion (abbreviated as “diffusion”, Fig.
1B), and electric field-driven ion migration (abbreviated as “electromigration”, Fig. 1C). Pressure-
driven filtration involves applying a hydraulic pressure to drive the solution through the membrane.
The membrane rejects different solutes to different extents. The performance of solute-solute
separation, which is quantified using “solute selectivity”, is usually defined based on the rejection
of different solutes. In concentration difference-driven diffusion, solutes transport across the tested
membrane from a high-concentration feed solution to a receiving solution (typically deionized
water) and the flux of solute diffusion is measured. The solute selectivity in this case is defined
based on the diffusion fluxes of different solutes. Water osmosis in the opposite direction may
affect solute diffusion but is typically ignored in most studies reported in literature.>*=3 In electric
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field-driven ion migration, charged solutes transport through the membrane under the influence of
the applied electric field. Current-voltage (I-V) curves are typically measured in a system where
the membrane is positioned between two exactly same solutions. The solute selectivity in this case
is defined based on membrane conductance.
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Figure 1. Schematic diagrams of (A) pressure-driven filtration process, (B) concentration difference-driven
diffusion process, and (C) electro-driven migration process. Orange circles with positive sign and green
circles with negative sign represent cations and anions, respectively. Grey columns represent Ag/AgClI
reference electrodes. Cations and anions transport across membranes from feed to permeate in filtration
and diffusion processes, while transport in the opposite direction under the electric field. Water flux in
filtration is represented by the solid blue arrow. Water osmosis in diffusion process is represented as the
dash blue arrow since it can be offset with the addition of sucrose in the receiving solution.

While pressure-driven filtration is practically the most relevant to the intended applications
of the tested membranes, the other two methods are also commonly used especially for testing
membranes that are made of novel materials. These membranes are often fabricated in a relatively
small size and/or do not have sufficient mechanical strength to be tested in pressure driven
filtration. The use of different evaluation methods based on fundamentally different driving forces
and transport mechanisms render the comparability of the measured selectivity questionable. In
fact, a summary of selected selectivity data (Table 1) suggests that the selectivity for the same
separation (e.g., Li* and Mg?" separation, which is important for lithium extraction from brine) can
vary in values by more than three orders of magnitude. It is uncertain if this dramatic difference in
selectivity is a result of the different membrane properties, an artifact of the different measurement
methods, or likely, both. Meanwhile, even with the same measurement method, a wide range of
experimental conditions (e.g., pressure, concentration, and voltage) have been used in different
studies, which affect solute transport driving force and the state of membrane, and thus can be
another origin of the incomparability between experimental results. Furthermore, while it is
practical more relevant to measure selectivity using feed solution with mixed salts, most studies in
literature evaluated selectivity using results from experiments performed with feed solutions
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containing a single salt species. It is thus also uncertain if selectivity measured using single-salt

and mixed-salt feed solutions are comparable.

Table 1. Examples of studies from literature using different methods for selectivity evaluation

Methods /l\s/Ilirylillere Conditions Membranes Solute pairs Selectivity
Conjugated K', Na", Li"
1000 ppm, | -omueate NN,
10 bar microporous polymer | Ca™, Mg“ vs 6~10
membrane™ A", Fe(CN)s™
Single 10 mM, Nanocavity-contained . 5
Cl 5~35
3 bar TFC-NF membrane™ vs SO0
500 Zwitterionic TFC-NF
PP, wirierionie 24 CI' vs SO 12~16
N 5 bar membrane
Filtration Polvelectrolvt
olyelectrolyte
Lo 5 mM, mu}lltila er IEI,F Na'vs Ca™, 1~40
3.45 bar yer= Mg
membrane
Mixt 2000 1:20 PEI-TMC NF
IXture ppm ( )’ 2 L1+ Vs Mg2+ ~16
8 bar membrane
2000 1:23 :
p5plr)1; r( ) Cu-MPD membrane'' Li* vs Mg** ~8
10 1M Conjugated K', Na', Li",
24 hour; microporous polymer | Ca*, Mg* vs | 100~1000
membrane™ A", Fe(CN)s™
. 1M, K',Na", Li" vs
o Single 5 days GO membrane’! Ca?", Mg®* >100
Diffusion K Na© Li vs
200 mM, 2D Ti;C.Tx MXene T
0 Ni“', Ca™', ~5
4 hours membrane e
Mg
. 1M, PVC/MOF hybrid .
Mixture };3r1 Li* vs Mg** ~5
30 days membrane
10 mM Conjugated K'vsNa', Li’,
m . +
0.5 10 0 5’ v microporous polymer Ca?", Mg, 1.1~20
' ' membrane™ A", Fe(CN)s™
Electro- . 0.05 to 500 mM, PSS threaded MOF Li"vs K", Na’, 4
. Single 17 . 80~10
migration -04t004V membrane Mg
o K', Na', Li’,
1 to 1000 mM, GeV irradiated PET chas ;
18 Cs" vs Mg, 10~10
-10to 10V film Ca®*, Ba?*

In this study, we evaluate and compare the selectivity between different ions with a

commercial NF membrane using three different approaches:

filtration, diffusion,

and

electromigration. We perform experiments using these three methods with single-salt solutions of
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NaCl, Na;SOs and MgCl> at different concentrations to evaluate the monovalent/divalent
selectivity for anions and cations. For filtration experiments, the impact of operating pressure is
also evaluated. The apparent selectivity and selectivity based on more intrinsic membrane
properties are both compared between the three different methods. In addition, we also evaluate
selectivity measured with single-salt and mixed-salt feed solutions using both filtration and
diffusion experiments.

MATERIALS AND METHODS
Materials and experimental setups

A commercial polyamide NF membrane, NFX (Synder, TFC-PA, MWCO=150-300 Da), was used
in this study for all experiments. Three common salts, NaCl, NaxSO4 and MgCl, were used to
evaluate membrane solute-solute selectivity. Three types of experiments that have been used in
literature for measuring selectivity were performed, including pressure-driven filtration,
concentration difference-driven diffusion, and electro-driven migration. For pressure-driven
filtration, a crossflow filtration system with three parallel commercial filtration cells (Sterlitech,
CF042) was used in NF experiments. The effective membrane area of each cell was 42 cm?. For
concentration difference-driven diffusion, a U-shaped diffusion cell (Pasco, ME-6940) was used
in diffusion experiments. The U-shaped cell was composed of two columns separated by a semi-
permeable membrane. The effective membrane area was 2.84 ¢cm?. For electro-driven migration,
a Side-Bi-Side electrochemical cell (PermeGear) was used in linear sweep voltammetry (i.e., [-V
curve measurements). The cell comprised two 7 mL-volume chambers separated by a semi-
permeable membrane. The effective membrane area was 0.2 cm?. An Ag/AgCl reference electrode
(CH Instruments, CHI111) was inserted in each chamber. A potentiostat (Biologic, SP-200) was
used to apply voltage across the electrochemical cell and record current. In all experiments, salt
solutions were prepared with deionized water. The equilibrium solution pH (unadjusted) was in
the range of 6~7 and did not show any observable change throughout the filtration experiments.

Pressure-driven nanofiltration (“filtration”)

Pressure-driven NF experiments were carried out in a crossflow filtration system at a crossflow
velocity of ~20 cm s™! under room temperature (25 °C). The single salt rejections of the NFX
membrane were determined using a single salt feed solution containing either NaCl, or NaxSO4 or
MgCl; at a series of concentration of 5, 15, 25, 50 and 100 mM, respectively. The NF membranes
were pre-compacted for 2 hours to reach a steady state before tuning the operating pressure to
achieve a designated permeate flux (i.e., 25, 35, 50 and 70 L m h™!) for each individual membrane
coupon. Permeate conductivity was then measured and converted to salt concentration based on a
calibration curve relating the two parameters. The permeate salt concentration was used to
calculate the salt rejection. New membrane samples were used for different salts and different



160
161

162
163
164
165
166
167
168

169

170
171

172

173
174

175
176
177
178
179
180
181
182
183

184
185
186

concentrations, but the same membranes were used when varying permeate flux. All data points
were obtained based on results from three replicates.

To evaluate the difference between selectivity measured with feed solutions containing a
single salt species and that measured with feed solutions containing a mixture, NF experiments
were also performed with feed solutions containing a mixture of NaCl and MgCl at different
concentrations. The molar concentration ratio of the two salts was 1:1 with each salt concentration
to be 25, 50 and 100 mM. The operating pressure was tuned to achieve a permeate flux of 30 L m-
2 h'!. The concentrations of Na* and Mg?" in the permeate were measured by inductively coupled
plasma optical emission spectrometry (ICP-OES) for rejection calculation.

The permeate flux, J,,,, of the NF experiments was determined using the following equation:

.4
 ApAt

Jw (D

where AV is the permeate volume produced in the period of At and A is the effective filtration
area of the membrane coupon. The observed salt rejection, R, was defined as:

R=1-2 2)

where C,, and Cy are molar concentrations of target solute in the permeate and feed solution,
respectively. The solute-solute selectivity in pressure-driven filtration, Sg, is typically defined

based on solute rejections using the following expression:®

_1-R,
~1-R,

S (3)

where subscripts a and b represent solutes a and b, respectively. Conventionally, the more
permeable solute is assigned to the numerator and the less permeable solute to the denominator,
so that Sp is larger than unity and a larger S represents better solute-solute selectivity. When
evaluating the selectivity between monovalent and divalent ions, such a convention means that the
rejection of monovalent ions is assigned to the numerator and that of divalent ions to the
denominator since divalent ions are usually better rejected than monovalent ions (if the membranes
and ions are of similar charge). To better understand the physical meaning of the rejection-based

selectivity, Eq. (3) can be rewritten in an equivalent form by substituting the rejection terms with
Eq. (2) as:

S = Cp,a/Cp,b — ]a/Cf,a
Y CralCrp In/Crp

where J, and J, represent steady-state solute flux of a and b, respectively. The first part of Eq. (4)

(4)

suggests that the selectivity can be interpreted as the ratio between the abundance of species a
(relative to b) in permeate and that in the feed solution. The second part of Eq. (4) utilizes the
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relationship between solute flux (/;) and permeate flux (J,,) at steady state, /; = ], C,,. Selectivity
based on this definition can be interpreted as the ratio of the concentration-normalized flux
between the two solutes. According to Egs. (3-4), a highly precise solute separation results from
almost no rejection to the more permeable solute but nearly perfect rejection to the less permeable
solute.

Concentration difference-driven diffusion (“diffusion”)

Concentration-driven diffusion experiments were conducted using a U-shaped diffusion cell. The
NFX membrane was clamped in the middle the cell to separate the feed solution and permeate,
with the polyamide surface facing the feed solution. For experiments with single-salt feed solution,
the feed side of the diffusion cell was filled with a 20 mL solution of NaCl, Na;SO4, or MgCl, at
a range of concentrations including 5, 25, 50, 100, 250 and 500 mM. The permeate side was filled
with 20 mL of either pure water or sucrose solution. Sucrose (MW=342 Da) was used to offset the
osmotic pressure difference to minimize the effect of osmosis. The concentration of the sucrose
solution was determined based on the osmotic pressure of the feed solution as estimated using the
van’t Hoff relation:

Am = vCR,T ©)

where Amr is osmotic pressure, v is van 't Hoff factor (one for sucrose), C is solute molar
concentration, R, is ideal gas constant and T is solution temperature. Both feed and permeate
solutions were continuously stirred with stir bars to minimize concentration polarization (CP) near
the membrane-solution interfaces. Each diffusion experiment lasted for one hour during which the
permeate conductivity was measured and later converted to salt concentration based on the
calibration curve relating the two parameters.

To evaluate the selectivity measured with mixed salt feed solutions, diffusion experiments
were performed with NaCl and MgCl, mixture feed solutions at different concentrations. The
molar concentration ratio of two salts in the feed solution was 1:1, with each salt concentration set
to be 25, 50 or 100 mM. The receiving solution was either pure water, in which case the osmotic
flow was not corrected, or sucrose solution to offset the osmosis. The Na™ and Mg?" concentrations
in the receiving solutions were measured using ICP-OES to determine the diffusion fluxes. New
membrane samples were used for different salts and different concentrations. All data points were
obtained based on results from three replicates.

The average solute diffusion flux, Jj, in diffusion experiments can be estimated from mass
accumulation rate of target solute in the permeate:
I = Ve,
D ApAt

(6)
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where V is the permeate solution volume, C, is the solute molar concentration in the permeate
after a period At, and Aj is the effective membrane area of the diffusion cell. The solute-solute

selectivity in concentration-driven diffusion, Sy, is typically defined based on the diffusion flux

as:3!

_ ]D,a/Cf,a (7)
Iop/Crp
where Cr is molar concentration of target solute in the feed, and subscripts a and b represent solute

Sp

a and b, respectively. Like Eq. (4), Eq. (7) defines the selectivity as the ratio of the concentration-
normalized flux between the two solutes.

Electric field-driven ion migration (“electromigration”)

Electro-driven migration experiments were conducted using a Side-Bi-Side electrochemical cell.
The NFX membrane was clamped between the anode and cathode chambers. Both chambers were
filled with 7 mL of NaCl, Na;SO4 or MgCl; single salt solutions of same concentration (i.e., 5, 25,
50, 100, 250 and 500 mM). Linear sweep voltammetry (LSV) was performed over the voltage
range of -50 mV to 50 mV at a scan rate of 2 mV s’!. The I-V curves in this range showed linear
relationship and were fitted to obtain the overall conductance of solution and membrane, G;. -V
curves under the same conditions were also measured without membranes to obtain conductance
of solution, G;. New membrane samples were used for different salts and different concentrations.
All data points were obtained based on results from three replicates. Assuming solution and
membrane as an equivalent circuit of resistance in series, the conductance of membrane, G,,, can
be then evaluated from:

1 1 1

G G Gm ®
According to Eq. (8), G, can be approximated by G, if and only if Gy > G,,,. We note that this
approximation has been frequently used when evaluating selectivity with electro-driven processes
in literature but is nonetheless not always valid. The membrane conductance for ion transport in

an electro-driven process can be described as:*

AgyF
Gy = ZIZ) Z]ilzil 9)
L

where Ag,, is the effective membrane area of the electrochemical cell, F is the Faraday constant,

Ag is the voltage across the membrane, J; and z; are the flux and valence of ion species i,
respectively. By rearranging Eq. (9), the ion flux of species i can be expressed as:

_ GnloT;

R 10
' AEMF|Zi| (19)
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where T; is the transport number of ionic species i, which represents the fraction of overall current

carried by this species (vs. other ionic species)*’:
Jilzi
T, = —— 11
b Xidklzid (1)

Analogous to the selectivity definitions in pressure-driven filtration and concentration
difference-driven diffusion, the solute-solute selectivity in electro-driven migration, Sg,,, can be
defined as the ratio of the concentration-normalized flux between the two solutes:

]a/Cf,a (Gm,a/Cf,a> (Ta/lza|> (Gm,a/Cf,a> ta
Sey = = =—]— 12
M Io/Csp Gmp/Crp) \Tp/12p| Gm,p/Crp <tb) (12)

We note that a ratio of absolute valence-normalized transport number (i.e., also known as

transference number, t; = T;/|z;|) appears in the conductance-based selectivity when substituting
ionic flux with Eq. (10). This ratio in the second parentheses is usually omitted in literature, which
is only valid under the following conditions: (1) the ionic species of interest have the same
transference number (i.e., t, = t3); (2) the ionic species of interest (in single salt experiments)
have the same valence and carry all the current and thus transport number is unity. The first
assumption has no theoretical basis whereas the second assumption is acceptable only when
evaluating selectivity between ionic species of same valence and the membrane has a high charge
density (e.g., ion exchange membranes). In this study, we evaluated these assumptions for NFX
membrane by determining the transport numbers of each ionic species.

To determine the transport numbers of cation and anion for each single salt, the
concentration was maintained constant in the high-concentration chamber (i.e. C;, = 100 mM),
while the concentration in the low-concentration chamber, C;, gradually varies from 5 to 25, 50
and 100 mM to obtain concentration ratios (between the two chambers) of 20:1, 4:1, 2:1 and 1:1,
respectively. At each concentration ratio, LSV measurement was performed and the membrane
potential, Ag,,, was determined as the intersect between the I-V curve and the voltage axis. The
transport number was then calculated using the following equation:*°

RT (Cy
A(pm = (t+ - t_) ?ln <Fl) (13)
where subscripts + and - represent cation and anion, respectively.

RESULTS AND DISCUSSION

Selectivity depends on measurement conditions

Filtration Feed concentration and permeate flux both affect salt rejections by NF membranes.*!

NFX membrane showed 95%~99% rejections to MgCl> and NaxSO4 in a wide range of feed
concentration and permeate flux, while NaCl rejection varied from 30% to 65% (Fig. S1). To
evaluate the effect of feed concentration on solute-solute selectivity, we focused on rejections of
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single salt in the concentration range of 5 to 100 mM under the same permeate flux (i.e., 50 L' m-
2 h'"). Selectivity of mono-/divalent anions (i.e., CI/SO4*) and cations (i.e., Na*/Mg?") defined
based on Eq. (3) exhibited similar trends of variation with increasing feed concentration (Fig. 2B).
As the solute concentration increased, both Na*/Mg?" and C1/SO4* selectivity improved because
NaCl rejection decreased from 60% to 36%, while the rejections of MgCl, and Na;SO4 remained
around 97% (Fig. 2A).
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Figure 2. (A) Salt rejection and (B) selectivity defined on rejection as a function of feed concentration.
Filtration pressure was tuned to maintain a permeate flux of 50 Lm h-'. (C) Diffusion flux and (D) selectivity
defined on diffusion flux as a function of feed concentration. Diffusion flux was determined from salt mass
accumulation rate in the permeate solution. Sucrose was added in the receiving solution to offset water
osmosis (solid curves). (E) Membrane conductance from |-V curve results and (F) selectivity defined on
conductance as a function of solution concentration. |-V curves were obtained via linear sweep voltammetry
characterized within -50 to 50 mV at a scan rate of 2 mV/s. We note that axis has different scale in each
panel.

The reduced rejection of NaCl at a higher feed concentration can be attributed to the
stronger charge screening effect at a high ionic strength, which reduced the electrostatic (Donnan)
exclusion to NaClL.*>* Although the same effect also applies to MgCl, and NaxSOs, their rejections
were largely unaffected as their transport was more constrained due to the presence of large
divalent ions (Mg?* and SO4>) with stronger steric hindrance,** lower diffusivity,**¢ and stronger
hydration energy.*’ Therefore, the unaffected rejections of MgClz and Na>SOs, combined with the
compromised rejection of NaCl at a higher feed concentration resulted in a generally increasing
Na*/Mg?* and CI/SO4* selectivity as the feed concentration increased.
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The only exception to this trend in the collected data is the reduced Na"/Mg?" and C17/SO4*
selectivity when the feed concentration increased from 50 to 100 mM. However, the rejection data
in Fig. 2A show no significant deviation from the trend for the rejection of all salts at any specific
concentration. The very high selectivity observed at 50 mM is caused by the slightly higher
rejection of MgClz and Na>SO4 as compared to the already-very-high rejection of the same salts at
100 mM. Whether this difference can be explained or is simply caused by measurement error, its
magnitude is very small (98.5% vs. 97.1% for MgClz, and 98.8% vs. 97.7% Na>SOs), particularly
compared to the much more salient difference of rejection for NaCl measured at these two
concentrations (46.5% vs. 36.5%). However, this small difference of the rejection for the less
permeable salt has a very large influence on selectivity via affecting the very small denominator
in Eq. (3). In other words, the rejections of the salts in the numerator and denominator have
disproportionate impacts on the selectivity. The selectivity is more sensitive to the rejection of the
less permeable salt (in the denominator), especially when its rejection approaches 100%. We note
that the appropriateness of a sensitivity definition may depend on the specific application scenarios
(e.g., removal of the less permeable solute vs. recovery of the more permeable solute) and is worthy
of further discussion beyond this study.

The effect of permeate flux on selectivity in pressure-driven filtration was also evaluated.
It is well known, as the dilution effect, that increasing the permeate flux typically enhances salt
rejection unless in the case when ion transport mechanism is dominated by advection (which is
usually considered not the case for nanofiltration).*4° In our experiments, the rejection of NaCl
increased by ~10% when the permeate flux increased from 35 to 70 L m? h'!, regardless of the
feed concentration (Fig. SIA). The rejections of MgCl and NaxSOys also increased but to a much
smaller extent (Fig. SIB, C), because the rejections, even with the lowest permeate flux, were
higher than 95% to start with. Even though the rejection of NaCl was considerably more sensitive
than MgCl> and NaxSOs to the change of flux, the selectivity of Na*/Mg?* or CI/SO4* remained
roughly unchanged (Fig. 3), which can again be explained by the disproportionate impacts of
variation in rejection for species in the numerator vs. that in the denominator according to Eq. (3).
In short, while increasing the permeate flux improved the rejection of NaCl, it has a weak impact
on the Na*/Mg?" and CI/SO4* selectivity.
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Figure 3. (A) CI/SO4? selectivity and (B) Na*/Mg?* selectivity defined on rejection as a function of permeate
flux under different feed concentrations.

Diffusion During the one-hour diffusion experiments, permeate concentration increased almost
linearly over time except for the first 5~10 minutes when the salt ions have not permeated through
the membrane (Fig. S2). As the salt concentration in the feed solution was much higher than that
in the receiving solution, the concentration difference across the membrane can be regarded as
approximately constant throughout the experiment and the diffusion can be considered as steady
state. With sucrose in the receiving solution to balance osmotic pressure difference (solid curves
in Fig. 2C and 2D), diffusion flux increased linearly with feed concentration for all three salts,
because concentration difference (or chemical potential difference) was the driving force for
diffusion. Both cation and anion selectivity defined based on diffusion flux increased
monotonously with feed concentration and anion selectivity was higher than cation (Fig. 2D).

When pure water was used as the receiving solution (without sucrose, dash curves in Fig.
2C and 2D), its volume decreased over time due to osmosis. As a result, all salt fluxes decreased
as compared to those measured with a sucrose-containing receiving solution, particularly at a
higher feed concentration and for salts with a higher van’t Hoff factor. For example, with a 500
mM feed concentration, the NaxSO4 diffusion flux measured with osmosis was about two orders
of magnitude smaller than that measured without osmosis. As the effect of osmosis is substantially
less significant with NaCl than with MgCl, or NaxSOs (at the same molar concentration), both
cation and anion selectivity measured in the presence of osmosis (i.e., without offset) were higher
than selectivity measured with osmosis offset by sucrose (Fig. 2D). At high feed concentrations,
the anion selectivity with and without osmosis offset differed by two orders of magnitude.

The salt flux decline caused by osmosis is attributable to the interference between water
and ions transport in the opposite directions across the membrane. Since MgCl, and Na;SO4
solutions have higher osmotic pressures than NaCl at a same feed concentration, larger osmosis
fluxes were generated to counter the ion transport. In addition, the ion size and diffusivity also
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contribute to the difference in flux decline between salts. However, it is not completely clear if the
negative impact of a water flux in the opposite direction (of the salt flux) on the salt flux was
exerted through both the support layer (i.e., internal concentration polarization, ICP) and the active
layer, or just one of them. Regardless of the distribution between different mechanisms, our results
suggest unequivocally that the osmosis effect is salient and cannot be ignored. Unfortunately, this
osmosis effect has been often ignored in previous studies using concentration-driven diffusion
experiments even with higher feed concentrations (e.g., 1~2 M) and very long diffusion time (e.g.,
hours or days).3*3 Although using a diffusion cell with a small membrane area may reduce the
effect of dilution (of the feed solution) and concentration (of the receiving solution) due to solution
volume change caused by osmosis, the effect of osmosis in reducing salt flux can still be significant
and is independent of membrane area.

Electromigration Membrane conductance with single salt feed solutions of different
concentrations was determined from I-V curves measured using LSV with and without a
membrane (Fig. S3). As polyamide NF membrane is nonconductive, the current is all carried by
transport of ions across the membrane. Membrane conductance in all salt solutions increased with
solution concentration (Fig. 2E). In general, the conductance at the same concentration follows the
order of MgCl, > NaCl > NaySOs, because transport through a negatively charged NF membrane
is more favorable for divalent cations (Mg?") than for monovalent cations (Na") and less favorable
for divalent anions (SO4%") than for monovalent anions (CI").

Anion selectivity defined based on conductance slightly increased with concentration while
cation selectivity did not follow a monotonic trend (Fig. 2F). We note that cation and anion
transport are decoupled in electro-driven process, while they are paired to maintain electro-
neutrality in the other two methods.?? In this regard, cation or anion selectivity characterized using
the electromigration method is more consistent with its name. We also note that, as mentioned in
Section 2, the conductance-based selectivity usually omits the transport number ratio in Eq. (12)
by assuming that the current is all carried by the ionic species of interest. In this study, the transport
numbers of cation and anion for the NFX membrane were evaluated by the membrane potential
method described in Section 2 (Fig. S4). T+ /Ty 42+ and TCl‘/Tsof‘ were estimated to be 0.67

and 0.79, respectively, which should not be omitted.

Selectivity is not comparable between methods

For a fair comparison of novel membranes from literature, we expect the solute-solute selectivity
of the same membrane characterized by different methods to be same or at least similar. This is,
however, not the case for selectivity defined based on the ratios of feed concentration-normalized
solute fluxes. While different methods show qualitatively similar trends regarding the effect of
concentration and the comparison between anion and cation selectivity, they do not yield
quantitatively comparable results (Fig. 2B, D and F). For example, anion selectivity varied
between 20~50 within the concentration range of 5 to 100 mM when defined based on rejection in
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pressurized filtration. It was around 10 when defined based on diffusion flux without osmosis and
varied from 10 to over 100 in the presence of osmosis. For electromigration, the anion selectivity
of the same concentration range was lower than 10.

One possible explanation for the incomparability of selectivity measured using different
methods is that feed concentration-normalized solute flux does not capture the intrinsic
permeability of the solute through the active layer of the membrane. In diffusion-based selectivity
(Eq. (7)), the concentration difference across the membrane is the driving force. When ignoring
concentration polarization (CP), the driving force is practically equal to the feed concentration (as
the concentration of the receiving solution is essentially zero). In this case, the feed concentration-
normalized diffusion flux is the solute permeability. Therefore, the physical meaning of diffusion-
based selectivity is the solute permeability ratio. Although the other two types of selectivity (based
on filtration and electromigration) were also defined in a similar form as the ratio between feed
concentration-normalized solute fluxes (Egs. (4 and 12)), the differences in measured selectivity
values arise from the fact that the different measurements characterize different transport
phenomena in terms of driving force, presence of water transport, and the state of coupling between
cation and anion transport. In the following discussion, we will show that solute permeabilities
across membrane, and thus the ratio between permeabilities of different solutes, are also dependent
on the measurement method and thus cannot be considered as an intrinsic membrane property.

Filtration Solute transport through polyamide membranes in pressurized filtration process has
been widely studied for decades. The description of solute transport through polyamide
membranes was initially described by phenomenological equations based on irreversible
thermodynamics, and later simplified to the solution-diffusion (S-D) model. S-D model, typically
applied to “dense membranes” used in RO, gas separation, or pervaporation, assumes that both
water and solutes first dissolve (or partition) into the membrane and then diffuse through the
membrane matrix.’® Within the S-D framework, solute permeability, B, is defined as:

KDp, s
B= - (14)

where K, D,,, and d,,, are partition coefficient, diffusion coefficient in the membrane active layer,
and membrane active layer thickness. The solute permeability relates solute flux, J, to the solute
concentration difference, G — C,, . Water transport and solute transport are assumed to be
independent in S-D model. The applicability of the S-D model in describing transport in NF is
questionable as NF membranes have a ‘looser’ polymer matrix (or larger pore size) with which
advection may have a more significant contribution to solute flux. Nonetheless, here we still adopt
the phenomenological S-D model framework to examine solute-solute selectivity in pressure-
driven filtration while being aware of the caveat that the solute permeability may be dependent on
experimental conditions instead of being an invariant membrane property.*!
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By describing concentration polarization (CP) with thin film theory, the intrinsic solute
permeability of a pressure-driven filtration process, By, can be determined with permeate flux and
solute rejection as:!

Jw

Br =], (%—1)(7 (15)

where k is mass transfer coefficient of solute (k =70.4, 72.2, 67.2 L m h™' for NaCl, Na,SO4 and
MgCl,) and was pre-determined by the flux method proposed by Tang et al.’! With Eq. (15), we
found that MgCl, and Na;SO4 had similar intrinsic permeability and were over an order of
magnitude lower than that of NaCl (Fig. 4A), which was consistent with the observed rejection
difference between these salts. The solute-solute selectivity defined based on the ratio of intrinsic
permeabilities measured using a filtration process, S§, was then determined as:

Bra Ry Iw Jw

SE = = Sp—ekp ka (16)
F BF,b FRa

where SE relates to the apparent (or measured) selectivity, S, by a correction factor being the
product of the rejection ratio and an exponential term accounting for the difference in CP between
the two solutes.
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Figure 4. (A) Solute permeability and (B) Na*/Mg?* selectivity and CI/SO4% selectivity of different definitions
under 100 mM solution concentration. Diffusion data was from experiments without osmosis.

Diffusion In concentration difference-driven diffusion with osmosis offset, by applying the model

framework of solution-diffusion and considering CP, the solute diffusion flux can be expressed

as:?

k(G =) =ty _1(0 C)~<S+1)_1C (17)
]D_fp_kfkaBD r=)=\p "B,) 7
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where k is overall apparent solute permeability, k; and k,, are mass transfer coefficients in feed
and permeate boundary layers accounting for external CP (ECP), s and D are structural parameter
of the porous support layer of NF membrane and solute diffusion coefficient in the solution. s/D
accounts for CP effect inside the support layer, i.e., the internal concentration polarization (ICP).
Bjp is solute permeability for diffusion across the polyamide active layer. If we assume external
CP is negligible compared to ICP due to continuous stirring of feed and permeate during
experiments, the two mass transfer coefficients can be dropped, resulting in a simplified version
of the expression (third part of Eq. (17)). We also assume s to be 2000 um, a reasonable value for
the porous support of TFC-PA NF membranes. With these assumptions, the solute permeability
across the active layer, Bp, can be estimated using the diffusion flux, /. Our experimental results
suggest that NaCl has the highest permeability, followed by MgCl, and lastly Na>SO4 (Fig. 4A).
The difference in permeability was around an order of magnitude.

Once B can be evaluated, the solute-solute selectivity defined based on permeability ratio
in a diffusion process, S5, can be estimated using Eq. (18):

_ -1
(b_.a) s
SB _BD,a Cf,a Da

= = 18
D BD,b <]D_,b)_1 ] i -1 ( )
Cf,b Db

Comparing with Eq. (7) which yields the apparent selectivity in the presence of the CP, Eq. (18)

characterizes the intrinsic selectivity of the active layer. Our analysis shows that S5 is larger than
the apparent selectivity, Sy, because of ICP (Fig. 4B).

Electromigration The ionic flux in electro-driven membrane process can be described by the
Nernst-Planck equation as:
F Ag
Ji = |Zi|Dm,iKiCiﬁa (19)
By grouping diffusion and partition coefficients and membrane thickness, a solute permeability
with the same form as those in filtration and diffusion processes can be defined by combining Eq.
(10) and Eq. (19):

RT

Beyi=————Gp;Ti
EM,i |Zi|2F2AGC[ m,iti (20)

Since NFX is negatively charged (but not as strongly charged as a cation exchange membrane),
the permeability of SO4>- was the lowest and the permeability of Mg?" was the highest. The
permeabilities of Na* and CI- were between that of SO42 and Mg?" but much closer to the latter
(Fig. 4A). The intrinsic solute-solute selectivity defined based on permeability ratio in the electro-
driven process, S5, is determined as:
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BEM,a |Zb|

Stm = =Sem v
o |z,

S (21)
Bemp

where S, was related to Sg,, by a factor of the valence ratio. The valence ratio, |z,|/|z,|, equals
2 when evaluating mono-/divalent ion selectivity. Therefore, S5, is twice as Sg, (Fig. 4B).

Cross-method comparison To compare the solute permeability determined from different methods
and the permeability-based selectivity between methods, we focused on one feed concentration
(i.e., 100 mM) in the following discussion, whereas results obtained with other concentrations are
also presented in the supporting information (Fig. S5). If the theoretical framework of solution-
diffusion were applicable for NFX membrane, the intrinsic solute permeability determined from
filtration should be the same as that from diffusion process. However, for NaCl, B, was only 7.6%
of B while the percentages were 17.3% and 74% for Na,SO4 and MgCl (Fig. 4A). The lower
permeability values from diffusion may be attributed to an overestimation of effective driving
force if CP effect (both external and internal) is not fully considered. For filtration, ECP at feed
side has been accounted by film theory and there is no ICP in the support layer at steady state. For
diffusion, the minimization of ECP strongly depends on the stirring speed (i.e., degree of
hydrodynamic mixing) which can be limited by the diffusion cell geometry. Meanwhile, ICP in
the support layer can significantly reduce the effective driving force for diffusion even when
osmosis is offset. Assume that the solute permeability were indeed the same in filtration and
diffusion, we can then estimate the structural parameters required for the correction based on Eq.
(17). The estimated structural parameters are 3,630 um for NaCl, 4,835 um for MgCl,, and 48,900
um for Na>SO4 with a feed concentration of 100 mM and vary with a different feed concentration.
However, the structural parameter should in theory depend only on the geometry of the support
layer but not on the salt properties and concentration and should therefore have a single value
regardless of the feed solution. We thus conclude that the difference between permeabilities
measured using diffusion and filtration cannot be reconciled simply by a more accurate structural
parameter, and that there exist other mechanisms that contribute to the lower permeability values
in diffusion.

Another major difference between the filtration and diffusion is the presence of water flux
in filtration, which suggests that advection may have a non-negligible contribution to solute
transport through the membrane matrix and challenges the assumption of the S—D model
framework. Furthermore, advective flux can also affect ion electromigration (not as a measurement
method by as a mechanism of ion transport in the pore-flow model) via inducing transmembrane
potential.’> The coupled effect of water flux on solute permeability is also supported by the
observed solute flux decline when osmosis was not offset in the diffusion experiments (Fig. 2C).
Solute permeability increases when there is water transport in the same direction and decreases if
water flows in the opposite direction. Additionally, the difference of B, /Br between different salts
shows the advection contribution to overall solute permeability depends on solute properties,
which is corroborated by the Donnan Steric Pore-flow model that describes the advective
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contribution of solute transport using a hindrance coefficient that is a function of the ratio between
solute size and membrane pore size.*!

Lastly, solute permeability determined from electromigration was smaller than that from
diffusion and filtration (Fig. 4A), possibly due to the decoupled ion transport in the electro-driven
process where ion-ion friction may play a role.’* This decoupling may cause the partition and
diffusion coefficients to be different from that for transport with paired salts. The solute-solute
selectivity for electromigration through NFX membrane is also lower than that in filtration and
diffusion (Fig. 4B). The incomparability of solute-solute selectivity measured using different
methods is further confirmed by a separate series of data measured using a completely different
membrane as reported in a very recent study.’® Specifically, the cation permeability measured
using filtration, diffusion, and electromigration exhibit difference by orders of magnitude (Fig.
S6A). Both the apparent and intrinsic selectivity for different cation pairs is incomparable between
different methods to various degrees (Fig. S6B). Understanding these differences measured using
different methods likely require a more comprehensive ion transport model framework based on
Nernst-Planck and Maxwell-Stefan equations to account for advection, diffusion, electromigration
and frictions between all components (e.g., solute-solute, solute-water, solute-membrane), in
addition to proper consideration of concentration polarization. Under such a framework, solute
permeability would become an oversimplified phenomenological variable with little mechanistic
significance and cannot serve as the basis for defining selectivity. In other words, we cannot make
apparent selectivity “more intrinsic” by using solute permeability which is by itself not an intrinsic

property.

Single-salt and mixed-salt feed solutions yield different selectivity

In previous discussion, solute-solute selectivity was measured with two single-salt solutions rather
than with a feed solution of mixed salts. While solute-solute selectivity is only practically
meaningful for separating a salt mixture, the reports of solute-solute selectivity measured using
single-salt solutions are very common in literature, particularly for diffusion and electromigration.
In fact, all electromigration experiments based on conductance measurements only used single-
salt solution because the transport number of each ionic species in a mixture cannot be derived
from the I-V curve. In general, measurements with single-salt feed solutions are experimentally
more convenient as they do not require analyzing the composition of the permeate or receiving
solution. However, it is unclear whether selectivity measured with single-salt feed solutions can in
fact represent the selectivity measured with feed solutions of mixed salts. To answer this question,
we evaluated cation selectivity (Mg?" vs. Na") using both feed solutions with single salts and mixed
salts in both pressure-driven filtration and diffusion driven by concentration difference.

Filtration In filtration, NaCl rejection was much lower with a mixed-salt feed solution compared
to that with a single-salt feed solution (Fig. 5A), suggesting Donnan exclusion promotes the more
permeable salt to partition more strongly into the membrane matrix.>>=>’ For MgCls, the rejection
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measured with a mixed-salt feed solution was also lower at a relatively low feed concentration (25
mM for each salt), whereas the difference in Mg?" rejections measured using different types of
feed solution diminished as the feed concentration increased. The overall ionic strength was higher
in a mixed salt feed solution, which enhanced the charge screening effect and thus reduced NaCl
rejection.

As discussed previously, selectivity based on solute rejections is more sensitive to the
rejection of the less permeable solute and becomes highly sensitive in the range of very high (close
to 100%) rejection. Thus, when the rejection of MgCl, measured with a mixed-salt feed solution
increased and approached 100% as the molar concentration increased, the Na*/Mg?* selectivity
also increased significantly (Fig. 5B). This trend of selectivity change with feed concentration also
differed substantially from that measured using single-salt feed solutions. In fact, we cannot even
conclude with confidence if selectivity is higher when measured using a single-salt feed solution
or a mixed salt feed solution, as the conclusion depends on the feed concentration (Fig. 5B).

Diffusion In the diffusion experiments (with sucrose addition to offset osmosis), the measured
NaCl and MgCl: diffusion fluxes were significantly lower when measured with a mixed salt feed
solution (Fig. 5C). As osmosis was offset, the flux reduction compared to that measured with a
single-salt feed solution is attributable to the enhanced ionic strength and thus stronger ion-ion
interaction. The selectivity measured using single-salt feed solution was higher than that measured
using a mixed-salt feed solution, but both remained nearly constant regardless of feed
concentration (Fig. 5D). Diffusion experiments with osmosis showed similar results except that
the selectivity measured in single-salt feed solution increased with concentration (Fig. S7).
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Figure 5. (A) Rejection of NaCl and MgCl. measured in single (dash) and mixture (solid) salt solutions.
Filtration pressure was tuned to maintain a permeate flux of 30 L m? h™' (B) Comparison of Na*/Mg?*
selectivity defined on rejection in single and mixture salt solutions. (C) Diffusion flux of NaCl and MgCl2
measured in single (dash) and mixture (solid) salt solutions. Osmosis was offset with sucrose solution as
permeate. (D) Comparison of Na*/Mg?* selectivity defined on diffusion flux in single and mixture salt
solutions. Results under three feed concentrations (i.e., 25 mM, 50 mM, 100 mM for each salt) were
presented.

IMPLICATIONS AND PERSPECTIVE

The development of membranes capable of precise solute-solute separation is still in its burgeoning
stage without a standardized protocol for evaluating selectivity. The results from this study unveil
the inconvenient truth that selectivity measured using different methods, or even different
conditions with the same method, are generally not comparable. The cross-method incomparability
is true for both apparent selectivity, defined as the ratio between concentration-normalized fluxes,
and the “more intrinsic” selectivity, defined as the ratio between the permeabilities of solutes
through the active separation layer. The difference in selectivity measured using different methods
stems from the fundamental differences in ion transport driving force, the effect of water transport,
and the interaction between cation and anion transport. Further adding to the complication of
selectivity measurement is the difference in selectivity measured using feed solutions containing
single salt species and that containing mixed salt. While many previous studies reported selectivity
based on measurements using single-salt feed solutions, those results cannot accurately represent
the practically more relevant selectivity for a mixed-salt feed solution. We believe some selectivity
measurements are intrinsically not comparable (e.g., results from single salt experiments vs. mixed
salt experiments), whereas other selectivity measurements may eventually be relatable (e.g., results
from single salt experiments in filtration vs. diffusion) but will require a more complicated
theoretical framework and/or more careful experimental design to eliminate artifacts.

As most results reported in literature were inherently incomparable, we face a predicament
in attempting to acquire a coherent understanding about where we are in developing advanced
membranes with enhanced solute-solute selectivity. From the perspective of practical application
(in nanofiltration), one should always evaluate the selectivity using pressure-driven filtration with
a mixed-salt feed solution of a composition relevant to the specific applications. Here, the
composition includes the concentrations of both targeted solutes and other major background
solutes. For example, Li*/Mg?* selectivity in nanofiltration is likely dependent not only on the
concentrations of Li* and Mg?" but also on the ionic strength of solution. Therefore, when a
membrane is developed for a specific target application, its selectivity should be evaluated under
corresponding conditions and those conditions should be reported in detail.

When membranes are developed without a very specific application context, the evaluation
of their solute-solute selectivity following a consistent protocol can facilitate fair performance
comparison with other membranes. We propose that filtration with mixed-salt feed solutions are
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preferred as the standard method for selectivity evaluation due to its strongest practical relevance.
In the cases of novel membranes that cannot be scaled up or fabricated in a sufficiently robust form
for pressurized filtration, the selectivity data can still be collected and should be treated with
caution and should not be directly compared with data collected in filtration. Additionally, the
experimental conditions should also be standardized for pressure-driven filtration including the
feed composition (i.e., concentration of each salt species) and the permeate flux (which can be
controlled by varying pressure). Furthermore, to ensure the statistical reliability of the reported
membrane performance, we suggest not only performing replicate experiments but doing so using
different samples of the same membrane.

We further encourage future studies to evaluate their membranes using pressure-driven
filtration at a permeate flux of 50 L m h'! with a solution of MgCl> (25 mM) and NaCl (25 mM)
for evaluating cation selectivity (Mg?*/Na®) and a solution of Na>SO4 (25 mM) and NaCl (25 mM)
for evaluating anion selectivity (SO4>/CI). If other types of selectivity (e.g., Ca®*/Na*, Mg?"/Li",
Na*/K*) are of interest, they can also be evaluated at the same flux and concentrations. While we
understand that these choices of flux and concentrations are arbitrary and bear no practical
significance, we hope that the proposed standardization of testing conditions can provide common
ground to cross-compare the performance of membranes developed in different research groups.

ASSOCIATED CONTENT
The Supporting Information is available free of charge at: XXX

Salt rejections as a function of permeate flux under different feed concentrations (Figure S1); Salt
concentration in the receiving solution as a function of diffusion time under different feed
concentrations (Figure S2); I-V curves with and without membranes under different feed
concentrations (Figure S3); Dependence of membrane potential on the concentration ratio between
the two chambers (Figure S4); Solute permeability and solute-solute selectivity as a function of
concentration (Figure S5); Solute permeability and cation selectivity of different definitions in a
polycarbazole-type conjugated microporous polymer membrane (Figure S6); Diffusion flux and
selectivity of NaCl and MgCl, measured in single and mixture salt solutions (Figure S7).
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