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ABSTRACT: Ion-selective membranes are necessary components of many electrochemical systems
including fuel cells, electrolyzers, redox flow batteries, and electrodialyzers. Perfluorinated sulfonated
membranes (PFSMs) dominate these applications due to their excellent combination of fast ion
transport, stability, and processability. However, perfluorinated cation exchange membranes
(CEMs) are expensive, and their production process involves chemistry that generates toxic
perfluorinated chemicals. The development of affordable, nonfluorinated membranes with a
competitive combination of high ion selectivity, transport, and stability could help enable the
widespread use of the technologies listed above while hastening the development of emerging
electrochemical systems, including aqueous alkaline CO, sorbent regeneration. To this end, we
pursue the use of thin-film composite polyamide (PA-TFCs) membranes—those that typically find
application in reverse osmosis and nanofiltration desalination—as cation-selective exchange
membranes. Given their negative surface charge under neutral-to-alkaline conditions, PA-TFCs
can serve as effective CEMs in these pH regimes. We prepared a series of PA-TFCs from traditional
monomers (trimesoyl chloride and piperazine) and compared their thicknesses, charge densities, water transport properties, ion
transport properties, and long-term stability in a high pH environment to traditional CEMs (Nafion and FKE) and commercial
nanofiltration and reverse osmosis membranes. We find that some of the best-performing PA-TFC membranes have similar
resistances and Na" transference numbers compared to Nafion 117 in Na,SO, and NaHCO;-containing solutions. This proof-of-
principle study suggests that further optimization of PA-TFCs could enable cost-effective ion exchange membrane alternatives to
PFSMs.

KEYWORDS: thin-film composite membrane, polyamide, electrochemical flow system, ion transport, carbon capture,
CO, sorbent regeneration

1. INTRODUCTION negatively charged polyamide (PA) selective layer impedes
anion transport, and due to electroneutrality, cations are also
rejected. In principle, Donnan exclusion could be leveraged to
promote a fast, selective cation transport through appropriately
designed selective layers when driven by an electric field. RO
membranes have been engineered to largely reject salt and
allow a modest water transport due to their tight, highly cross-
linked PA structures. We hypothesized that a highly charged,
swollen (low degrees of cross-linking) PA structure will enable
a fast cation transport while inhibiting anion transport via the
Gibbs—Donnan effect when using an electric field driving
force.

While ion transport in these PA-based thin-film composite
(TFC) membranes has been extensively studied in processes
for desalination applications,"' ~'® only a few studies have been

Perfluorinated sulfonated membranes (PFSMs) such as Nafion
are typically used for the selective cation transport in
electrochemical flow systems.'™> As current commercial
PFSMs are extremely expensive and their production process
involves unsustainable chemistry that generates toxic per-
fluorinated species, researchers have been exploring alternative
approaches for improving the economic and sustainable
viability of cation exchange membranes (CEMs).'™ In
particular, new cost-effective membrane alternatives are
imperative to enable emerging clean technologies, such as
alkaline CO, sorbent regeneration for direct air CO, capture
(DAC), redox flow batteries, and electrodialysis.

To this end, we investigate the ion transport in membranes
based on the chemistry of reverse osmosis (RO) membranes.
Current RO membrane costs are over an order of magnitude —
lower than Nafion, with long operational lifetimes (>10 years) Received:  January 1, 2024
proven in aggressive conditions (wide pH ranges, with high Revised:  January 13, 2024
pressures and temperatures).” RO membranes reject salt in Accepted:  January 16, 2024 o
pressure-driven processes through a complex combination of Published: January 26, 2024 4
dielectric exclusion and Donnan exclusion.”™"* Our efforts
focus on leveraging Donnan exclusion, which occurs when the
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Figure 1. (a) Photo of the electrochemical cell for resistance and transference number measurements. (b) Photo of the diffusion cell used to
measure the salt permeation coefficient. (c,d) Schematic diagrams of the ion transference number measurement setups that estimate the SO,*~
transference number in 0.5 M Na,SO, (c) or the Na* transference number in NaCl (d).

reported on ion transport with an applied electrical field as
would be required in electrochemical flow systems.'”~>® While
Bason et al.”>*”*® developed a method to study transport of a
redox ion couple in PA brackish water membranes, other
studies focused on investigating system performance when
implementing PA-based TFCs in electrochemical processes
including electrolysis,'” electrodialysis-based separa-
tions,””*"**7*° and flow batteries.”* In particular, Shi et al."’
examined the potential for using commercial RO membranes
as proton-selective membranes for seawater electrolysis
applications and reported that brackish water membranes
showed acceptable performance, with low membrane resis-
tances leading to low electrolysis overpotential. However, we
are not aware of studies that focus on the cation—anion
selectivity of PA membranes in contact with various electro-
lytes (many studies focus on “like” charged ion selectivities,
either cation—cation or anion—anion) as would be necessary to
understand the utility of PA composite membranes as CEMs.
Nor are we aware of studies that attempt to link the PA layer
thickness and the charge density to ion selectivity and
membrane resistance, which would provide insight into an
appropriate membrane design to achieve desirable ion
transport properties for various electrochemical applications.
Building on this previous research study, the goal of this
study is to redesign robust and cost-effective PA-based
membranes that could be used in electrochemical flow systems
in “near-neutral” (~pH 3—12) conditions, which are applicable
to water purification (electrodialysis) systems, neutral pH
redox flow batteries,””*" and buffered carbonate sorbents for
direct air capture.’’ We aim to understand how the
membrane’s physical properties (e.g, PA layer thickness and
charge density) impact membrane resistance and, importantly
for CEMs, cation-to-anion selectivity as defined by the
transference number (described below). We synthesize a
series of PA-TFC membranes using the common trimesoyl
chloride (TMC) and piperazine (PIP) monomers to system-
atically change the PA layer thickness and the charge density.
We compare transport through these membranes to
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commercially available RO and nanofiltration (NF) mem-
branes as well as more traditional PFSMs (Nafion 117 and
FKE). We show that certain PA-TFC membranes have Na* ion
selectivities and resistances comparable to Nafion 117 and
FKE, highlighting their potential as affordable CEMs in
emerging electrochemical systems.

2. MATERIALS AND METHODS

2.1. Membranes. Commercial perfluorinated CEMs, including
Nafion 117 (Chemours, Wilmington, DE) and FKE (Fumasep,
Germany), were used to benchmark the membrane performance. Two
commercial PA-based membranes were chosen for comparison: a
brackish water RO membrane (XLE, DuPont Water Solutions, MN)
and a high-flux NF membrane (NFG, Synder Filtration, CA). A series
of PA-TFC membranes were fabricated in-house via interfacial
polymerization®>** between TMC (0.15 wt % in Isopar G) and PIP
(02—2.0 wt % in deionized water, DI) atop a porous poly(ether
sulfone) (PES) support (LX, Synder Filtration, CA) using 1 min of
polymerization time as described similarly elsewhere®* (Section S1 in
Supporting Information). These hand-cast membranes are referred to
as M-2.0, M-1.0, M-0.5, and M-0.2 membranes throughout this study,
where the numbers reflect PIP weight percentage in the aqueous
phase polymerization solution used in the synthesis process. All of the
membranes were stored in DI water prior to their characterization.

2.2. Membrane Thickness Measurements. The PA layer
thicknesses were measured using two separate methods: quartz crystal
microbalancing (QCM) and ellipsometry. For the QCM method, the
PA layer was isolated onto a QCM sensor using a procedure described
previously (Section S7 in Supporting Information).” The PA layer
mass (mp,, ng cm™) was measured using QCM, and the PA thickness
(8, nm) was then calculated as

5o M
(1)

where ppy = 1.24 g cm™ corresponds to the typical mass density of
the PA layer.*®

Ellipsometry was also used to quantify all of the PA layer
thicknesses. Here, the PA layer was isolated onto a silicon wafer usin%
the method of Lin et al. (Section S7 in Supporting Information).’®
Ellipsometry data were obtained with an ellipsometer (FS-1
Multiwavelength, Film Sense, Lincoln, NE) measuring the phase

pPA
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change and the amplitude ratio between the parallel and
perpendicular light polarizations reflected from the sample as a
function of light wavelength and incidence angle. This information is
then used for fitting a complete electromagnetic model of the sample,
with the refractive index and the thickness of the sample as adjustable
parameters. The Cauchy dispersion equation was used to determine
the optical properties of the active PA layers and calculate the layer
thickness. The sample was modeled as a two-layer composite, with the
bottom layer being silicon with a native oxide film and the top layer
being the thin PA layer. To accurately calculate the PA layer thickness,
a measurement was first taken for the base Si substrate used for the
sample preparation to calculate its optical constant. After another
measurement was taken for the PA-coated Si sample, a second layer
was added to the model to determine the optical constants and the
thickness of the PA layer while keeping the predetermined constants
for Si fixed. The adjustable parameters in this study were the refractive
index and the PA layer thickness, and their values were changed to
best fit the model. The calculated refractive index was compared with
a database in the literature and on the web®’ to avoid over- or
underfitting. Three samples were analyzed for each membrane, with
three locations (0.3 cm” each location) analyzed for each sample.

2.3. Resistance Measurements. The ionic resistance of the
different membranes was measured using electrochemical impedance
spectroscopy (EIS) at room temperature, using a method outlined by
Kamcev et al.*® Prior to resistance measurements, all membranes were
equilibrated in aqueous Na,SO, solutions at concentrations ranging
from 0.1 to 1.5 M. We use Na,SO, here as a potential cost-effective
supporting electrolyte for any electrochemical flow system but also
report on the transport of other salts later. The equilibration
procedure consisted of soaking the membranes in Na,SO, solutions
for at least 24 h, where the solutions were periodically replaced to
ensure a constant salt concentration in the equilibrating solution. The
resistance measurements were performed using the EIS technique
with a SP-300 Potentiostat (Biologic, France). The configuration
employed a two-electrode setup, where the counter and working
electrodes were platinum foils of area 25 cm® (0.025 mm thick,
99.99% metal basis, Thermo Scientific, Waltham, MA). The
measurements were performed over a frequency range of 0.01—200
kHz, which was sufficient to extract the ohmic resistance between the
two platinum electrodes. A custom-made acrylic cell (College of
Chemistry Machine Shop, Berkeley, CA) was used for this
measurement (Figure 1a), providing a planar configuration between
the electrodes with a well-mixed (via stir bar) electrolyte gap on each
side of the membrane. Each 25 mL chamber had two 5/16” sampling
ports at the top, one 1/4" ports for a pH probe on the side, and a
vertical face with a 1” orifice where the membrane sits and separates
each chamber. The distance between the membrane and each
electrode was 20 mm. In each experiment, the fully hydrated
membrane was sandwiched between the two chambers. The ohmic
resistance of the electrochemical cell, which includes the electrolyte
solution and membrane (R,,,, Q), was taken as the value of the real
impedance when the imaginary impedance was zero (i.e., when the
data on a Nyquist plot crossed the real axis). Representative Nyquist
plots for experiments performed using the difference method are
presented in Figure S1 in Supporting Information. After the
measurement, the cell was disassembled and then reassembled
without the membrane, and the measurement was repeated to obtain
the resistance of the solution (R, Q). The membrane resistance (R,
Q) was determined as

Rm = Rm+s - Rs (2)

2.4. Membrane Charge Density Measurements. The
concentration of a fixed negative charge in the active layer of the
TFC membranes at pH = 11.0, 9.5, 7.5, and 5.5 was measured using a
QCM (Nanoscience Instruments, AZ) method as described in detail
in previous works.”***" In brief, a QCM sensor (Nanoscience
Instruments, AZ) was coated with a PA layer isolated from a TFC
membrane using a procedure similar to that used in the ellipsometry
thickness measurements described above. As membranes were stored
in DI water after fabrication, membranes are in their protonated form

2024

prior to charge density measurements. The negative fixed charges
were then saturated with cesium ions (Cs*) by exposing the coated
sensors to a 0.001 M cesium chloride (CsCl) solution at pH 11.0, 9.5,
7.5, and 5.5. The corresponding mass of Cs* (mc, ng cm™)
neutralizing the fixed charges in each sensor was measured with
QCM. Given that Cs* has on average less than one water molecule of
hydration,”" and there is a 1:1 correspondence between carboxylate
groups and Cs" ions, the molar concentration of fixed charges ( Coharger
mequiv g~') was calculated as

Me.
G % 1000

C - ¥
MW, mpy

charge (3)
where MW, = 132.91 g:mol™" is the molecular weight of cesium and
mps (ng cm™2) is the dry mass of the PA layer.

2.5. Solute Permeation Measurement. Salt permeation
experiments were carried out using a standard diffusion cell (Figure
1b; Adams and Chittenden Scientific Glassware, Berkeley, CA). Each
40 mL half-cell had a 3/8 in. sampling port at the top and a vertical
ground glass face with a 15 mm orifice. The fully hydrated membrane
was sandwiched between two silicone gaskets with a 15 mm orifice in
their centers, and this sandwich was clamped between the two-half
cells. The half cells were jacketed, and water was circulated through
the jackets to maintain the solution temperature at 25 °C throughout
each experiment. One of the two identical half cells (the receiver
chamber) was filled with 38 mL of ultrapure water, and the other half
cell (the donor chamber) was filled with 38 mL of 1 M NaCl or 1 M
Na,SO, solution. A conductivity probe (Orion DuraProbeTM 4-Cell
conductivity probe, Thermo Scientific, MA) was inserted into the
receiver chamber, ensuring that the probe tip was fully immersed. The
conductivity of the receiver chamber was recorded by a conductivity
meter (Orion Star A215 pH/Conductivity Benchtop Multiparameter
Meter, Thermo Scientific, MA) at 10 s intervals for 30 min. The

permeation coefficient of a solute (B, m/s) can be obtained by**™**

B=-In|1 - 2i v
Cp,o ) 24t (4)
where Cr (M) is the time-dependent solute concentration in the
receiver chamber, Cp, (M) is the solute concentration in the donor
chamber at the beginning of the experiment, V (3.8 X 107 m®) is the
volume of solution in the donor chamber (equal volume of solution in
the receiver chamber in all experiments), A (1.33 X 10™* m?) is the
effective membrane area, and ¢t (s) is the experimental duration.
2.6. lon Transference Number Measurement. The trans-
ference number of an ion is the fraction of current passed through an
electrolyte that is carried by that ion, effectively making it a measure
of ion transport selectivity in electrolytes and membranes. To measure
the Na* transference number in our membranes, the custom-made
acrylic electrochemical cell, described in the Membrane Resistance
section, was used (Figure 1a). A Biologic SP-300 Potentiostat was
used to apply a constant current of 100 mA between the electrodes,
corresponding to a current density of 19.7 mA cm™2 The pH of each
chamber was monitored using a portable pH meter (Orion Star A220,
Thermo Scientific, MA) with a micro pH probe (Orion PerpHecT
ROSS, Thermo Scientific, MA). We use the method developed by
Vardner et al.***® in symmetric and asymmetric electrolyte systems
for these measurements. For each piece of membrane tested, the
chambers were filled with 24 mL of fresh solution, either 0.5 M
Na,SO, (catholyte) and 1 M NaCl (anolyte) or 1 M KCl (catholyte)
and 1 M NaCl (anolyte). By passing a large current through the
membrane/electrolyte in a cell with an appropriate electrolyte
orientation, the ion flux due to migration (electric field-driven
transport) far outweighs any ion flux due to diffusion (concentration
gradient-driven flux). By monitoring the concentration of ions in each
chamber as a function of total electric capacity (mA h) passed
through the membrane, we are able to then back calculate the total
current carried by each ion and therefore quantify the ion transference
number. As an example, Figure 1d shows the configuration in which
NaCl and KCl are placed in chambers on either side of the
membrane. By placing NaCl in the anolyte chamber and passing the

https://doi.org/10.1021/acsapm.4c00001
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Table 1. Summary of the PA Layer Thickness” Measured with Two Methods and Commercial CEM Thickness”

membrane NEG XLE M-2.0
thickness by ellipsometry (nm) 14 +2 135 + 4 S9+6
thickness by QCM (nm) 21 + 4 1275 62 + 16

M-1.0 M-0.5 M-0.2 Nafion FKE
46+ 6 20 + 2 121 175 um 50 um
50+ 1 25+ 1 18 +2

“The thickness reported here for PA membranes only reflects the thickness of the PA layer without the support layers, not the thickness of the
TEC. Reported values and uncertainties correspond to the average and standard deviation of triplicate samples. YThe thickness of commercial

PFSMs was obtained from manufacture information sheets.

current between the electrodes, we expect Na* to migrate through the
membrane to the catholyte chamber and CI™ to migrate in the
opposite direction from the catholyte chamber to the anolyte
chamber. By placing KCl in the catholyte chamber, we can accurately
quantify small Na* concentration differences in this chamber, allowing
the accurate quantification of its flux through the membrane. In the
limit of high current densities, we expect comparatively negligible K
diffusive or migrational flux in the opposite direction, thereby making
Na* and CI~ the ions predominantly carrying current through the
membrane and enabling calculation of the Na* transference number,
as outlined below. Given that Na* and CI~ carry the large majority of
current through the membrane, this procedure provides a good
estimation of the transference number expected in a NaCl solution,
even though the catholyte is KCI. A similar configuration to estimate
the transference number of a Na,SO, solution is shown in Figure lc,
where the same principle is used and we monitor the concentration
buildup of the SO,>™ anion. A total constant current of 100 mA (19.7
mA cm™?) was applied between the electrodes for 25 min, thereby
forming OH™ via hydrogen evolution at the cathode and H* via
oxygen evolution at the anode. Ions will migrate across the membrane
to ensure that electroneutrality in each chamber is maintained. Each
electrolyte chamber was well-stirred. A 0.0S mL sample was taken
every S min from the receiving chamber (the catholyte chamber for
KCIINaCl cells, the anolyte chamber for Na,SO,/NaCl cells) for Na*
and SO,*™ ion concentration analyses, respectively, until measurement
completion. The 25 min measurements were used to ensure that the
OH™ and H* concentrations in the catholyte and anolyte, respectively,
never increased to above 0.01 M (or 100 times smaller than the ions
of interest), ensuring that their contributions to the measured current
was negligible. Linear concentration increases of Na* or SO,* in the
receiver chambers over the course of the measurements further
confirm that H" and OH™ do not substantially contribute to the ion
transport (the Na* and SO,*~ concentrations would start to “level off’
as the concentrations of H* and OH™ increase during the
measurements; see Figure SS). Ion concentrations were measured
using an inductively coupled plasma with an optical emission system
(ICP-OES, PerkinElmer, MA). The ionic flux ( Jj mol cm ™% s7') was
determined from the concentration measurements according to Fick’s
first law

_d(vc)

j A-dt (5)
where C; (M) is the time-dependent ion “j” concentration in the
receiver cell, V (L) is the electrolyte volume, A (5.065 cm?) is the
effective membrane area, and ¢ (s) is the time. As the current density
across the membrane is carried by the mobile ions within the
electrolyte, the total current density (i, A cm™2) can be related to the
flux of ions by the following expression

i=F zJ.
;}JI (6)

where z; (unitless) is the charge of species j and F (A s mol™) is
Faraday’s constant. Then, the transference number of an ion (t},
unitless) can be calculated using

Fz)].
t=—2

J i (7)
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3. RESULTS AND DISCUSSION

3.1. Membrane Thickness. The membrane thickness
results are summarized in Table 1. The thickness measured
with both the QCM and ellipsometry was similar for each
individual membrane, with less than 7.5 nm difference between
the two measurement methods across all samples. As expected,
XLE has the thickest PA layer due to the different fabrication
procedures used to produce commercial RO membranes. All
fabricated TFCs had much thinner PA layers, similar in
magnitude to the commercial NF membrane, NFG. Among
the fabricated TFCs, the PA thickness decreased from 59 + 6
nm to 12 + 1 nm as the amine monomer concentration
decreased from 2.0 to 0.2%. Our results suggest that the
correlation between PIP concentration and the PA layer
thickness could be used in the future as a guide to fabricate PA
layers with the desired thickness.

3.2. Membrane Resistance. The membrane resistances in
different concentrations of the Na,SO, electrolytes are
reported in Figure 2. We use Na,SO, as the electrolyte given

75.0
®0.1M m0.25M @0.5M ©0.75M O1.0M 0O1.5M
& 60.0
5
<)
o 45.0
2
}9
@0
300
o
g |
< 15-0 " | |I |i|! [ I
W I . . _
e M L ey B T e

FKE

Nafion

Figure 2. Membrane resistance measured with EIS, including two
commercial CEMs (Nafion, FKE), two commercial TFCs (NFG,
XLE), four lab-fabricated TFCs (M-2.0, M-1.0, M-0.5, M-0.2), and
the support of lab-fabricated TFCs (LX). The membranes were
immersed in a series of Na,SO, solutions (0.1, 0.25, 0.5, 0.75, 1.0, and
1.5 M) during the measurements. Measurements were performed at
ambient temperature (22 °C), and the error bars represent standard
deviation from triplicated membrane samples.

its potential viability as an affordable supporting electrolyte for
various electrochemical flow systems, including those for
alkaline sorbent regeneration in DAC. We expect similar
resistance trends to hold for any salt. For each type of
membrane, R decreased as the electrolyte concentration
increased, which is consistent with previous findings.'”*” The
two commercial PFSMs showed very similar resistance with
less than a 5.4% difference between at each concentration.
Consistent with the observation from Shi et al,'’ the
commercial RO and NF membranes exhibited the highest
resistances among all the membranes, especially at low
electrolyte concentrations. Compared to Nafion and FKE,
the fabricated TFC series demonstrated similar resistances
across all concentrations. For example, the resistances of
Nafion and M-2.0 were 16.3 + 2.0 and 17.2 + 0.8 Q cm” in

https://doi.org/10.1021/acsapm.4c00001
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0.25 M Na,SO,, respectively, and 7.5 + 0.9 and 7.1 + 1.1 Q
cm® in 1.0 M Na,SO,. Among the fabricated TFCs, the
membrane resistance decreased as the monomer concentration
decreased, i.e, Ry;0 > Ryio > Ryos > Ryop This trend
correlates with the PA layer thickness (Table 1), i.e., thinner
membranes exhibited lower resistance. These resistance trends
are generally consistent with measured voltages during the
early stages of a 19.7 mA cm™ electrolysis measurement (see
Figure S4) in the configuration shown in Figure lc. M-0.2
provides the lowest measured voltage, roughly 160 mV lower
than Nafion after 5 min of electrolysis, and XLE provides the
highest when they are used in the cell, suggesting lower
transport losses from the lower resistance membranes. We also
measured the resistance of the porous support without a PA
layer (LX), and the results indicated that the porous support
contributed to the majority of the overall resistance given the
similarity between its resistance and that of all lab-fabricated
PA-TFCs. The support is a PES ultrafiltration membrane with
300 kDa molecular weight cut off and 220 pm thickness.
Compared to the extremely thin PA active layer, which is less
than 70 nm in all membranes, the thick PES layer poses
significant resistance that in most cases overwhelms the
resistance of the PA active layer. This observation suggests
that further support optimization could dramatically reduce the
membrane resistance and thus decrease the overall cell
potential during operation. Given the statistical similarity
between the resistance of the LX membrane and all fabricated
PA-TFCs, we cannot quantify the conductivity of the PA layer
directly and hence only report membrane resistance here.
3.3. Membrane Charge Density. The charge densities of
all the TFC membranes at different pH levels are shown in
Figure 3. The charge density of PA-based membranes all

g
o

pH m11.0 m95 @75 055

N
3

N
o

FKE

-
o

Nafion

o
o

Charge Density (meq/g dry polymer)
(6]

o
o

NFG

XLE M-2.0 M-1.0 M-0.5 M-0.2

Figure 3. Charge density of PA layers isolated from various PA-TFC
membranes measured with the QCM at different pH levels. The
reported charge densities of FKE (dashed line) and Nafion (dotted
line) were taken from manufacture specification sheets. The error bars
represent standard deviation from duplicated membrane samples.

demonstrated strong dependency on solution pH with higher
charge densities at higher pH levels, which is consistent with
previous findings.”>*>** This can be explained by the fact that
the negatively charged sites are a result of deprotonation of free
carboxylic groups that are typically present after the interfacial
polymerization, and the degree of deprotonation is a function
of pH. Among all of the membranes, XLE showed the lowest
charge density. As the only RO membrane, XLE has the
tightest cross-linking structure, which presumably greatly
reduces the total free carboxylic groups per unit mass PA.
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Similarly, among lab-fabricated membranes, the degree of
polymerization likely decreased as the PIP monomer content
decreased relative to the TMC content, resulting in more
carboxylic group end terminations that lead to a higher charge
density.”” The same trend holds at all pH levels. In
comparison, the charge density of commercial CEMs is not
sensitive to pH given the very low pK, (~—7) of the sulfonate
groups contained in them. We note in passing that our initial
attempts to incorporate sulfonate groups into the PA structure
using an appropriately functionalized amine monomer
(taurine) were unsuccessful; the poor reactivity of taurine
with TMC resulted in no sulfonate incorporation. Further
attempts to incorporate strongly acidic functional groups could
enable PA-based CEMs in acidic media. Nevertheless,
compared to Nafion, most loose PA membranes (NFG, M-
1.0, M-0.5, M-0.2) showed a higher charge density at pH
values higher than 7.5. This is an encouraging result which
indicates that in applications with alkaline solutions, PA-based
membranes have the capacity to function as CEMs.

3.4. Solute Permeation Measurement. The permeation
coeflicients of NaCl and Na,SO, of different membranes are
shown in Figure 4. In general, for any membrane, the
permeation coefficient of NaCl (1.32 X 107°-8.77 x 1077
m/s) is about one magnitude higher than that of Na,SO, (1.80
X 107°=1.63 X 107® m/s). This result can be explained by a
stronger Donnan exclusion effect for divalent negative ions,
such as SO,*". This is also consistent with salt rejection trends
in pressure-driven dead-end flow filtration experiments (Figure
S2 in Section S3, Supporting Information). All membranes
exhibited low Na,SO, permeation, with the fabricated
membranes showing the slowest Na,SO, transport. We
attribute this result to the high charge density of the fabricated
membranes. The NFG membrane, which has the high charge
density but relatively fast salt transport, was an exception most
likely due to some imperfection of the NFG membrane surface,
which could promote additional salt (and water) permeation.
In terms of NaCl permeation, Nafion and FKE showed the
slowest permeation, followed by XLE, M-2.0, and then the NF
and lab-prepared membranes with thinner PA layers. In the
case of only monovalent ions present in the solution, the
thickness of the membrane also appeared to play an important
role in governing salt permeation in addition to Donnan
exclusion. As shown in Figure 4, XLE and M-2.0 demonstrated
much lower permeation as they have relatively tight structure,
while NaCl permeation increased as the PA thickness
decreased for M-1.0, M-0.5, and M-0.2.

3.5. lon Transference Number Measurement. The
results in Figure Sa show the Na* transference number, t,, in
the system of 0.5 M Na,SO, (catholyte) and 1 M NaCl
(anolyte). In this configuration, the measurement provides an
estimate of the transference number expected in a membrane
in contact with a 0.5 M Na,SO, solution given that Na* and
SO,>” are expected to predominantly carry current in this
configuration. Both commercial CEMs demonstrated the
highest Na* selectivity with a t, value of about 1, indicating
essentially no SO,>” transport across the membrane.
Importantly, all of the fabricated TFCs had very high Na*
transference numbers, approaching those of the commercial
CEMs. M-2.0 had the highest ¢, of 0.99 + 0.01, with ¢, slightly
decreasing as the membrane monomer concentration
decreases. The commercial RO showed comparable t, of
0.97 + 0.01, while the commercial NF has a lower ¢, of 0.93 +
0.00. The support membrane without the PA layer (LX)
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Figure 4. Permeation coefficient of NaCl and Na,SO, measured with 1 M solutions. The inset is the same plot shown on a different scale to
visualize the Na,SO, coeflicients. The error bars represent standard deviation from triplicated membrane samples.
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Figure S. Transference number measurement results. (a) Estimated
Na* transference number in 0.5 M Na,SO, (catholyte) of fresh
membranes. (b) Estimated Na* transference number in 1 M NaCl
(anolyte) with fresh membrane. (c) Estimated Na* transference
number in 0.5 M Na,SO, (catholyte) with the membrane soaked for
60 days in different solutions (DI water, 0.01 M NaOH at pH 12, and
0.1 M NaOH at pH 13). The error bars represent standard deviation
from triplicate membrane samples.
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showed a t, of 0.53 + 0.08; however, it is worth noting that
unlike in the PA layers, the pore size of the support membrane
(molecular weight cutoff of 300 kDa, which is on the order of
0.1 ym) is much larger than the hydrodynamic radius of any
ions in the studied systems, such that this value is an estimate
of the transference number of a 0.5 M Na,SO, solution rather
than the LX membrane itself. This value is slightly higher than
a previously measured ¢, for a 0.5 M Na,SO, solution (0.38),”
likely a result of the non-negligible diffusion of CI” from the
anolyte to catholyte chamber through the membrane. Never-
theless, this confirms that the close-to-unity t, values in PA-
TFCs are attributed to the selective PA layer.

When using 1 M KCl (catholyte) and 1 M NaCl (anolyte)
as electrolytes, which enables estimation of the expected
transference number for a membrane in contact with a 1 M
NaCl solution (Figure Sb), Nafion exhibited the highest t,
among all of the membranes. Regardless of the difference in
fabrication recipe, all fabricated TFCs exhibited a t, above 0.8
(within experimental error), indicating reasonable selectivity
toward Na® transport over Cl”. The commercial PA-TFCs
showed much lower t, values compared to other membranes.
For each type of membrane, the ¢, value is higher in the SO,*~
electrolyte compared to the CI™ electrolyte, which can be
explained by the size and charge of the species. While SO,*” is
larger than CI~, which tends to make SO,>” migration through
the membrane slower than that of Cl7, all the membranes are
negatively charged, meaning that more highly charged anions
experience stronger repulsion from the membrane due to
stronger Donnan exclusion.’’ As a result, the membranes are
more effective at impeding SO,*~ transport than CI™. The sum
of the transport numbers for all ions in solution always equals
unity and specifically in our system

toF b+t oty = 1 (8)

As both ty* and toy~ are negligible in all the experiments
given their very low concentrations (always <0.01 M)
compared to the concentrations of Na* and its counteranion,
eq 8 simplifies to

t,+t_=1 ©)

To confirm that pH does not significantly impact these
measurements, we also measured the Na® transference
numbers of all membranes in 0.1 M buffered bicarbonate
solutions (pH 6—7) and observed similarly high Na*
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transference numbers (Section S4 in Supporting Information).
For each kind of PA-TFC tested, tso2- is smaller than ¢, and

thus f, is always higher in electrolyte containing multivalent
anions.

Since the amide bonds in PA-based membranes are
susceptible to hydrolysis under alkaline conditions,””>* we
tested the membrane stability in “near” strong alkaline
environments. The fabricated TFCs were soaked for 60 days
in DI water (pH = 6.3), 0.0l M NaOH (pH = 12), 0.1 M
NaOH (pH = 13), and 1 M NaOH (pH = 14). Fresh soaking
solutions were changed every 5 days and stored at 4 °C at all
times to limit the biofilm growth on the membranes. We
measured Na* transference of these membranes with 0.5 M
Na,SO, (catholyte) and 1 M NaCl (anolyte), and the results
are shown in Figure Sc. All of the TFCs soaked in DI after 60
days still demonstrated similar ¢, compared to fresh
membranes. Most membrane transference numbers were
maintained at pH 12 except for a slight decrease in ¢, for M-
0.2. This could be explained by the thinner PA layer of the M-
0.2 membrane compared to that of other membranes, making
it more susceptible to small amounts of degradation. There was
a significant decrease in f, ranging from 38 to $54% for
membranes soaked in pH 13 solutions, indicating severe
membrane degradation under this condition. As expected, the
TFC membranes experienced even more degradation after
being soaked in pH 14 solutions as the membrane texture
became visually softer and thinner (¢, data not shown in
figure). The stability of PA-based membrane operating in
alkaline conditions over the long term requires further research
and improvement. Some research efforts have shown promise
on developing alkali-resistant PA membranes,””**~> which
could address the stability challenge and promote the
application of PA-based membranes in electrochemical flow
systems.

4. CONCLUSIONS

This work evaluated the possibility of using re-engineered PA-
based composite membranes as CEMs in electrochemical
applications. Thinner TFC membrane PA layers with a higher
bulk charge density can be prepared by using lower amine
concentrations in a typical interfacial polymerization solution.
By comparing a series of fabricated TFC membranes, two
commercial TFC membranes (XLE and NFG), and two types
of commercial CEMs (Nafion 117 and FKE), we found that
the best performing PA membranes demonstrate comparable
performance compared to traditional PFSMs, with both the
membrane resistance and Na® transference number being
similar, particularly when multivalent anions are present. The
TFC porous support membrane was found to predominantly
account for the prepared TFC membrane resistance,
suggesting that further optimization of its structure could
greatly improve the ion transport across the membrane. With
the PES support tested in this study, we found that all
fabricated TFC membranes exhibited Na,SO, Na® trans-
ference numbers greater than 0.95 and NaCl Na* transference
numbers around 0.85. Further enhancements to ion selectivity
could be envisioned through modification of the polymer-
ization conditions or incorporation of monomers that contain
either strongly acidic or basic constituents (e.g, sulfonate
groups or ammonium groups) or functional groups that
specifically interact with targeted ions. Overall, there remain
challenges for using PA membranes compared to PFSMs in
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strongly alkaline electrolytes due to their relatively poor long-
term stability; however, they may be suitable for “near-neutral”
pH applications, such as electrodialysis and certain redox flow
batteries. Furthermore, the low cost and scalability of PA-TFCs
provide an incentive to further optimize their application in
electrochemical flow systems.
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