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ABSTRACT: Separation of specific ions from water could enable recovery and reuse of essential Lower resistance

metals and nutrients, but established membrane technologies lack the high-precision selectivity Q
needed to facilitate a circular resource economy. In this work, we investigate whether the cation/
cation selectivity of a composite cation-exchange membrane (CEM), or a thin polymer selective ©<>
layer on top of a CEM, may be limited by the mass transfer resistance of the underlying CEM. In
our analysis, we utilize a layer-by-layer technique to modify CEMs with a thin polymer selective Film | [ cem
layer (~50 nm) that has previously shown high selectivity toward copper over similarly sized P2 | | ©©
metals. While these composite membranes have a CuCl,/MgCl, selectivity up to 33 times larger JHL
than unmodified CEMs in diffusion dialysis, our estimates suggest that eliminating resistance from CEM permeability
the underlying CEM could further increase selectivity twofold. In contrast, the CEM base layer has

a smaller effect on the selectivity of these composite membranes in electrodialysis, although these effects could become more
pronounced for ultrathin or highly conductive selective layers. Our results highlight that base layer resistance prevents selectivity
factors from being comparable across diffusion dialysis and electrodialysis, and CEMs with low resistance are necessary for providing
highly precise separations with composite CEMs.

CEM thinness

Composite selectivity
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Bl INTRODUCTION because it is inextricably linked with the efliciency of ED as a
process.'”

While IEMs exhibit excellent permselectivity toward
counterions, they are less effective in separating between
counterions, especially when those counterions have similar
physicochemical properties. Engineering membranes that
separate like-charged species is a key prerequisite for extracting
specific minerals from complex wastewaters and brines using
ED."'™"® Moderate selectivity between counterions is typically
obtained by applying a thin selective layer to the IEM surface
to form a composite structure.* For example, monovalent-
selective IEMs are commercially available composites that pass
monovalent ions and retain multivalent ions based on size,
charge, or hydrophobicity.'>'® Composite IEMs for separating
counterions with similar physicochemical properties also exist,
althou%h they are in earlier stages of research and develop-
ment."” ™"’ For these more precise separations, the chemistry
of the selective layer provides tailored interactions between
target species and a membrane to enable preferential passage of
that species.”’”**

Water is an indispensable resource, not only for the water itself
but also the valuable resources it contains. Many naturally
occurring brines and wastewaters hold elements that are
critical for producing modern technologies (e.g, copper,
lithium, and cobalt) or crop fertilizers (e.g., phosphorus and
ammonia)."” Sustainable extraction of these critical elements
could augment supplies of these minerals or offset carbon
emissions associated with their traditional mining or
production.” Of the separation approaches that are currently
available for extracting such valuable metals and nutrients from
water, electrodialysis (ED) is particularly attractive owing to its
operational simplicity, energy efficiency, and low chemical
requirements.*”

ED is a process that uses an electric field to transport ions
from a diluate solution through ion-exchange membranes
(IEMs, or self-supported membranes with ionized functional
groups) and into a concentrate solution.”’ Conventionally,
IEMs are charge-dense, allowing only transport of species with
opposite charge of the membrane (counterions) while
excluding species with the same charge as the membrane
(co-ions).” More specifically, negatively charged membranes
that permit passage of cations are termed cation-exchange
membranes (CEMs), while positively charged membranes that
permit passage of anions are termed anion-exchange
membranes (AEMs). The selective transport of counterions
is one of the most desired properties of CEMs and AEMs
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While the addition of a thin selective layer can increase
performance, the selectivity of the composite membrane is not
necessarily that of the free-standing selective layer.” In gas
separation membranes, the support layer resistance can pose
performance-limiting effects, which are mitigated by a highly
permeable intermediate layer (referred to as a gutter layer).”*
In thin-film composite membranes, which are the state-of-the-
art technology for pressure-driven reverse osmosis, the porous
structural support layer is often assumed to pose negligible
resistance compared to the selective layer.”> This assumption
could break down, however, as the selective layer becomes
more permeable or thinner, or as the support layer becomes
less porous.””” In principle, the pore structure of the support
layer could affect the water/salt selectivity in reverse osmosis
membranes under these circumstances.”®

With the development of composite IEMs, there is question
if the resistance of the IEM or “base layer” may limit the
performance of the composite membrane, analogous to
previous investigations on composite membranes in gas
separations and reverse osmosis desalination. IEMs are
polymer networks with substantial fixed charge concentrations
that provide Donnan exclusion of co-ions.”> These fixed
charges may contribute considerable resistance to the
composite membrane in a diffusion-driven process.”**” In an
electro-driven process, these fixed charges provide high ionic
conductivity (or low electrical resistance), but it is unclear
whether this conductivity is adequate to render the IEM
resistance negligible. Substantial resistance from IEMs could
limit the selectivity of composite membranes, especially for
ultrathin or low-resistance selective layers which are desirable
for high-precision separations.””

In this study, we assess the effect of the ion permeability and
conductivity of a CEM base layer on cation/cation selectivity
of a composite CEM. For our analysis, we use polyelectrolyte
layer-by-layer assembly to deposit a thin selective layer with
demonstrated copper selectivity on a commercial CEM.** We
then characterize the separation performance of the composite
CEM in diftusion dialysis, Donnan dialysis, and ED, where the
polymer selective layer markedly increased the Cu®*/Mg**
selectivity of the membrane and produced high-purity copper
solutions in the presence of magnesium. Using systematic
experiments and transport modeling, we subsequently estimate
if the resistance of the CEM base layer limits the selectivity of
the composite membrane. Our findings demonstrate that the
separation performance of ultrathin or highly conductive
polymer selective layers could be limited by base layer
resistance, which highlights a practical consideration for
maximizing selectivity of composite CEMs under some
conditions.

B MATERIALS AND METHODS

Materials and Chemicals. Poly(allylamine hydrochloride)
(PAH, M,, 120—200 kDa) and anhydrous magnesium chloride
(MgCl,, 99%) were purchased from Alfa Aesar. Chloroacetic
acid, copper(II) chloride (CuCl,, 99%), sodium nitrate
(NaNO;, <99%), and potassium chloride (KCl, 99%) were
purchased from Sigma-Aldrich. Sodium chloride (NaCl, 99%),
nitric acid (HNOj;, 69.0—70.0%), sodium hydroxide (NaOH,
>98%), and hydrochloric acid (HCl, 36.5—38%) were
purchased from J.T. Baker. Compressed N, gas (ultrahigh
purity) was purchased from Airgas. Ag/AgCl electrodes with
porous Teflon tips (CHI111) and platinum wire electrodes
(CHI11S) were purchased from CH Instruments. Glass frits
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(G300) with 0.5—1 pm pore size were purchased from
Princeton Applied Research.”’ Fumasep FKS-50 and FAD-55
(Fumatech) were purchased from Fuel Cell Store. Anodic
aluminum oxide (AAO) membranes with a 25 mm diameter
and 20 to 30 nm pore diameter were obtained from Hefei Pu-
Yuan Nanotechnology Ltd. N-type silicon wafers with 300 nm
wet thermal oxide were purchased from UniversityWafer, Inc.
Deionized (DI) water (18 MQ-cm) used throughout synthesis
and experimentation was obtained from a Milli-Q system with
Elix Technology (EMD Millipore). All reagents and materials
were used as received unless otherwise specified.

Cation-Exchange Membrane Characterization. The
commercial CEMs used in this study, Fumasep FKS, are
homogeneous membranes without any fabric backing for
mechanical support. The CEMs, also referred to as “pristine”
membranes, were provided in H form. Relevant properties of
these membranes, including water uptake, ion-exchange
capacity, and thickness, are available in product specification
sheets by the manufacturer, which are presented in Table SI.
Prior to use, the CEMs were cut into smaller coupons (~$
cm?) and placed in 0.5 M NaCl solution (200 mL) for at least
24 h to put the membrane in Na* form and remove any
additives or preservatives from the membrane, unless otherwise
specified.

Hydrated thicknesses of pristine CEMs (5,) were measured
using a digital micrometer (Mitotuyo Series 293—340). After
soaking membrane coupons in aqueous solution of one or
more salts (CuCl,, MgCl,) for at least 24 h, five thickness
measurements were made over the area of the membrane and
averaged. Membranes were returned to the solution between
each measurement to ensure full hydration. No changes in
membrane thickness were detectable for the concentrations of
the solutions used in this study (Table S2).

Membrane Surface Modification. Poly[N,N-dicarbox-
ymethyl allylamine] (PDCMAA) was synthesized as described
previously.”** Polymer deposition solutions were prepared
with 10 mM polyelectrolyte (PAH or PDCMAA) and 0.5 M
NaCl. The properties of these polymers are available in Table
S3. We note that polymer concentrations are calculated with
respect to the repeating unit, and PDCMAA concentrations are
likely overestimated because of adsorbed NaCl and water to
the PDCMAA. Polymer solutions were adjusted to pH 3.0
using dilute HCI to protonate PAH (pK, =~ 9.3) and partially
protonate carboxylate groups of PDCMAA (pK, =~ 1.8,
2.6).333

Polyelectrolyte multilayer films were formed on non-
reinforced, homogeneous CEMs via layer-by-layer assembly
to form a composite membrane, unless otherwise noted. The
CEM was placed between two rubber gaskets, which were
clamped together between a glass plate and a hollow
polytetrafluoroethylene (PTFE) frame using stainless-steel
binder clips. Polycation solution (10 mM PAH) was pipetted
into the hollow PTFE frame to immerse one side of the CEM
for 5 min. During this time, the membrane was set on a shake
plate (60 rpm). After removing the PAH solution, the
membrane was continuously rinsed with DI water for 1 min
to remove any loosely adsorbed PAH. Subsequently, polyanion
solution (PDCMAA) was pipetted into the hollow PTFE
frame and left for S min while shaking (60 rpm). The
membrane was then rinsed with DI water for 1 min, which
completed the assembly of one polyelectrolyte bilayer. This
process was repeated to produce (PAH/PDCMAA), films of n
bilayers (n = 3—7). Finally, membranes were rinsed and stored
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in DI water until use. Similar methods were used to form these
films on positively charged AAO substrates, except that
(PDCMAA/PAH); ; films were deposited onto the substrate.
For AAQ substrates, PDCMAA was the first layer, contrary to
FKS membranes.

Multilayer Film Characterization. A Dektak XT stylus
profilometer (Bruker) was used to investigate polyelectrolyte
film thickness (&;).”> Polyelectrolyte multilayers were
assembled with identical methods as described for CEMs,
with the exception that silicon wafers were utilized as
substrates. Prior to layer-by-layer assembly, silicon wafers
were cleaned for 10 min with an ultraviolet/ozone cleaner
(BioForce Nanosciences ProCleaner Plus), thoroughly rinsed
with DI water, dried with N, gas, and dried for 24 h in ambient
air. Polyelectrolyte films were then carefully sliced with a metal
precision glide needle (18G X 1 in) without damaging the
underlying wafer. Subsequently, the following profilometer
settings were implemented: a tip radius of 12.5 um, stylus scan
range of 65.5 ym (z-resolution & 1 nm), stylus force of S mg,
and scanning time of 15 s. Single step-height measurements
were calculated by averaging the thickness over a large
bandwidth (>S50 um) perpendicular to the direction of the
slice. Reported step heights are the averages of measurements
collected at three randomly selected positions along the needle
slice. Measurements are representative of the dry thickness of
the polyelectrolyte film, which are likely smaller than the wet
(or swollen) thickness.

We performed attenuated total reflectance Fourier-transform
infrared spectroscopy (ATR—FTIR) and static water contact
angle measurements to verify the deposition of (PDCMAA/
PAH); films on CEMs. Prior to measurements, samples were
dried for 24 h in a vacuum. ATR—FTIR measurements were
collected using a Shimadzu IRTracer-10 with 20 scans at 2
cm™' resolution. The static contact angle of the membranes
was measured by a contact angle goniometer (OneAttension,
Biolin) using the sessile drop method. Within 30 min of
removing the membrane from vacuum, a S-uL droplet was
placed on the membrane surface and the water droplet was
imaged using a digital camera. Images were processed using
OneAttension software.

Diffusion and Donnan Dialysis. Concentration-driven
diffusion testing was conducted with a custom-made, glass
diffusion cell with two 60 mL chambers and a temperature-
controlled water jacket. A membrane (1.77 cm?) was mounted
between the two chambers with the modified side toward the
feed chamber, unless otherwise specified. The feed chamber
contained one salt (CuCl, or MgCl,) in single-salt experiments
and two salts (CuCl, and MgCl,) in multisalt experiments.
Feed solutions were adjusted to pH 3.6 using 1.0 M HCI to
prevent metal hydrolysis, while the receiving chambers
contained DI water unless otherwise specified. Each chamber
was continuously mixed using magnetic stir bars and stir plates.
We assume concentration polarization to be negligible in this
system because of the rapid stirring. The water jacket
temperature was maintained at 25 + 0.1 °C with a cooling/
heating circulator (Cole Parmer Polystat) to control the
internal temperature of the feed and receiving chambers.

During testing, 0.5 mL samples were initially taken from the
feed and receiving chambers (¢ = 0) and then every 30 min to
1 h after approaching the steady state. Sampling both chambers
ensured each chamber contained approximately the same
volume throughout the experiment. Water transport induced
by osmotic pressure difference prevented exactly equal
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volumes in each compartment from being retained but was
determined to be negligible, unless otherwise specified. Initial
samples from the feed chamber (¢t = 0) were diluted 10,000
times, and all samples from the receiving chamber were diluted
10 times with 1% (v/v) HNO;. These samples were analyzed
using inductively coupled plasma mass spectroscopy (ICP—
MS, ELAN DRC-e, Perkin Elmer) to quantify divalent cation
concentrations.

The concentration change in the receiving compartment
over the testing period was negligible compared to the feed
concentration (<0.5%), which ensured a near-constant driving
force during experiments. After an initial time, the moles of salt
in the receiving chamber began to linearly increase with time,
which allowed calculation of a flux according to

; V. de.

oA dt 1)
where J; is the flux of solute i, V; is the volume in the receiving
chamber, A,, is the effective membrane area (1.77 cm?), and

dc,;

T,i

is the concentration change of solute i in the receiving

chamber with respect to time. Notably, in diffusion dialysis,
coupling effects occur between one cation and one anion, such
that they permeate at the same rate (as a salt) to maintain
electroneutrality on each side of the membrane.

If we assume concentration polarization to be negligible
because of continuous stirring in the feed and receiving
chambers, steady-state permeability (P;) and permeance (B;) of
solute i can be calculated according to

R_J

5 Gy

i
2)
where 6 is the effective membrane thickness and C;; is the
concentration of solute i in the feed chamber. It is also
important to note that the inverse of the permeance of solute i
is resistance (R;). Membrane selectivity can then be expressed
as

'/ Ce
s:_]‘/ b _
J;/Cs;

Na~A R

)

where § is the selectivity for solute i over solute j, J; is the flux
of solute j, C;; is the concentration of solute j in the feed
chamber, and P; is the permeability of solute j. Error bars were
determined with standard propagation of uncertainty methods
and represent one standard deviation (SD) from three
fabricated membranes.

Electrodialysis. ED experiments were conducted in batch
mode with a four-compartment glass cell (schematic
illustration in the Results and Discussion). A single cell pair
configuration was used with an effective membrane area of 2.0
cm?® The cathode and anode chambers (~75 mL) were
separated from the diluate and concentrate chambers using a
commercial AEM (Fumasep FAD). The diluate and
concentrate chambers (~10 mL) were separated by either a
pristine or modified FKS CEM, where the modified surface
faced the diluate chamber (toward the anode). The stack
consisted of three IEMs in total, including two AEMs and one
CEM. Membranes were stored in a 0.5 M NaCl solution when
not in use.

The electrode chambers contained 0.4 M NaNOj; solution
and were constantly mixed using a peristaltic pump (Masterflex

https://doi.org/10.1021/acs.est.3c00445
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Figure 1. Copper selectivity of composite CEMs with polyelectrolyte multilayer films as selective layers. (A) Salt flux and (B) CuCl,/MgCl,
selectivity in multisalt feed solutions of 0.1 M CuCl, and 0.1 M MgCl, (pH 3.6). FKS membranes were modified on the side facing the feed
chamber with (PAH/PDCMAA); films. (C) Normalized CuCl, flux, (D) normalized MgCl, flux, and (E) CuCl, purity in the receiving chamber
for pristine and composite membranes with multisalt feed solutions containing CuCl, and MgCl, concentrations of different molar proportions (or
CuCl, purity). In (C) and (D), fluxes were normalized to the molar feed concentration in the feed chamber of their respective salt (C; , for solute
i). In (E), the red region represents selectivity that yields lower copper purity in the receiving chamber than the feed chamber. Experiments were
conducted with a total ionic strength of 0.6 M (pH 3.6) as the feed solution (comprising CuCl, and MgCl,). All experiments were conducted with
DI water as the receiving solution. All error bars represent one SD of three independent measurements.

L/S, Cole-Parmer) at a flow rate of 5§ mL min~! to

counterbalance pH changes from electrode reactions. Elec-
trode reservoirs were adjusted to pH 2 with HNO; prior to
testing, and the pH of the electrode reservoirs was monitored
for the duration of testing and adjusted as necessary with
HNO; or NaOH. The diluate reservoir contained 0.1 M CuCl,
and 0.1 M MgCl,, and the concentrate reservoir contained 10
mM HCI. Diluate and concentrate reservoirs were adjusted to
pH 2 with HCI prior to testing. Each chamber was
continuously mixed using magnetic stir bars.

A voltage was applied to generate a constant current (2 mA,
1.0 mA cm™?) using an Agilent E3617A power supply. Next, 50
uL aliquots were taken from the diluate and concentrate
reservoirs every 10—20 min for 2—4 h. All samples were
diluted 100 times with 1% (v/v) HNO; and analyzed using
ICP—MS. Solute fluxes were calculated using_ eq 2, which were
then converted to transport numbers using””

. JzF
S )
where t; is the transport number of solute i in the membrane, z;
is the valence of solute i, F is the Faraday constant, and I is the
current density. Eq 4 assumes that ion transport is dominated
by migration from the electric field over diffusive and advective
transport.’® Subsequently, the membrane selectivity for solute i
over solute j was calculated as®

_56C )/
at/ Gy I/ G

()

where t; is the transport number of solute j in the membrane

and z; is the valence of solute j. Error bars were determined
with standard propagation of uncertainty methods and
represent one SD from three fabricated membranes.
Membrane Conductivity. Membrane conductivity meas-
urements were performed using a four-electrode electro-

chemical setup.l3 Membranes were equilibrated in the testing
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solution (0.1 M CuCl, or MgCl,) for 24 h prior to
measurement. The membrane (2.0 cm”) was then mounted
between two ~75 mL glass chambers, which were identical to
the electrode chambers from ED experiments. Both chambers
contained the same solutions of 0.1 M CuCl, or 0.1 M MgCl,
and were adjusted to pH 3.6 using dilute HCI. It should be
noted that the divalent cation concentration was large
compared to the proton concentration (~0.25%). Both
chambers were well-mixed using magnetic stir bars and stir
plates.

Platinum wire electrodes and Ag/AgCl reference electrodes
(1 M KCI, CH Instruments) were placed in each chamber. The
Ag/AgCl reference electrodes were sealed in custom-made
Haber—Luggin capillaries (2 mm inner diameter, filled with 1
M KCIl). The tip of the capillaries held borosilicate glass frits
(Princeton Applied Research), which were attached to the
capillaries with Teflon heat shrink tubing. The capillaries were
then mounted into each chamber of the glass cell and stationed
less than 5 mm from the membrane.®”

Current was passed between the platinum wire electrodes
using a Keithley 2400 Series SourceMeter. We then measured
the potential difference across the membrane using the Ag/
AgCl reference electrodes for nine steps between current
densities of 0.025—0.25 mA cm ™. Each current density was
maintained for 30 s prior to recording the potential difference
across the membrane. The background potential drop, or the
potential drop measured without the membrane present
between the glass cell, was also measured. The area specific
electrical resistance (r;) and the resistivity (p;) of the
membrane toward solute i were then determined from the
slope of the total potential drop as a function of current density

(%), minus the resistance attributable to the solution (il‘f):38
5 v, 4V,
r=pS=—— —

TR T (6)

The inverse of the resistance and resistivity toward solute i
are the area specific conductance (G;) and conductivity (x;),
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Figure 2. Effect of the CEM base layer on the selectivity of the composite membrane in diffusion and Donnan dialysis. (A) Schematic illustration of
the resistance-in-series method for determining the salt permeance of the polyelectrolyte film. The salt resistance of the composite membrane (R,)
was assumed to be equal to the sum of the salt resistances of the pristine FKS membrane (R,) and polyelectrolyte film (R;). Composite FKS
membranes have five bilayers of (PAH/PDCMAA); films (only two bilayers are shown). Not drawn to scale. (B) Salt permeance for pristine FKS
membranes, composite FKS membranes with (PAH/PDCMAA); films, and only (PAH/PDCMAA); films. Experiments were conducted with 0.1
M CuCl, or MgCl, (pH 3.6) as the single-salt feed solution and DI water as the receiving solution. (C, D) Modeled CuCl,/MgCl, permselectivity
of a composite membrane with changing the (C) salt permeability and (D) thickness of the pristine membrane with a film permselectivity (P; c,c,/

P; \gar,) assumed to be 25, 50, or 100. Salt permeability and permselectivity of the pristine membrane were determined from (B). The modeled

composite permselectivity was derived from eq 8. In (C), the vertical dashed lines indicate the measured CuCl, permeability of the pristine
membrane and the diffusivity of CuCl, in bulk water.*" In (D), the gray dashed line indicates the thickness of the pristine FKS membrane reported
by the manufacturer (Table S1). (E, F) Effect of increasing the cation flux of the unmodified CEM on (E) the cation flux of the composite
membrane and (F) Cu?*/Mg** selectivity of pristine and composite membranes. The flux of the pristine membrane was increased by lowering the
pH of the feed and receiving solutions (pH 1—3) using HCI. FKS composite membranes had (PAH/PDCMAA); films (¢ = 51 nm), and AAO
composites had (PDCMAA/PAH);; films (6 = 35S nm, ref 22). Experiments were conducted with equimolar CuCl, and MgCl, (0.1 M) in a
multisalt feed solution. All error bars represent one SD of three independent measurements.

respectively. Error bars were determined with standard We tested transport of CuCl, and MgCl, salts through these
propagation of uncertainty methods and represent one SD membranes in a temperature-controlled diffusion cell, where a
from three fabricated membranes. salt concentration difference across the membrane provided a

driving force between the concentrated feed chamber and
B RESULTS AND DISCUSSION dilute receiving chamber of DI water. After an initial time-lag

when salt transport across the membrane had not yet reached

- e R, the steady state, metal concentrations in the receiving chamber
tivity. Pristine CEMs are unable to discriminate between were measured over time using ICP—MS, from which we

cations of similar size and charge effectively.”*”* To increase calculated salt flux. The CuCl, and MgCl, fluxes through the
the selectivity of CEMs for a specific cation, we applied n pristine FKS membrane were similar when these species were

Ultrathin Selective Layer Increases Composite Selec-

bilayers of PAH and PDCMAA (n = 3—7) on the surface of simultaneously present in equimolar concentrations in the feed
Fumasep CEMs, which we denote as (PAH/PDCMAA),. We compartment, which was expected given their similar diffusion
confirmed the surface modification of the CEMs using ATR— coefficients in bulk water (1.26 and 1.25 X 1075 cm® s,
FTIR spectroscopy. Peaks at 1630 and 3350 cm™ are respectively) (Figure 1A).*' The CuCl,/MgCl, selectivity
characteristic of N—H stretching and —COO™ asymmetric associated with these flux values is 0.89 + 0.08 (Figure 1B).
stretching and consistent with the composition of (PAH/ In contrast, after applying a S1-nm (PAH/PDCMAA); film
PDCMAA), coatings (Figure S1). Static water contact angle to these CEMs (Figure S3), the CuCl,/MgCl, selectivity
measurements provide additional evidence of surface mod- markedly increased to 29.0 + 4.25 (Figure 1B). Similar
ification, as the hydrophilicity of the CEMs increased selectivity was also observed when both sides of the FKS
appreciably with addition of (PAH/PDCMAA); films (Figure membrane were modified with (PAH/PDCMAA); films
S2). From here forward, we refer to the (PAH/PDCMAA), (Figure S4 and Text S1). This enhancement in selectivity
coating as a “film” and the pristine CEM+ the (PAH/ compared to the pristine CEM can be primarily attributed to
PDCMAA), film as a “composite”. the low MgCl, flux through the polyelectrolyte film, as
6335 https://doi.org/10.1021/acs.est.3c00445
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discussed in prior work with these films on alumina supports.*’
In brief, copper outcompetes magnesium for iminodiacetate
chelating groups within the polyelectrolyte film (Table S3),
which reduces magnesium sorption in groportion with its
binding energy to iminodiacetate groups.”” More details about
the mechanism for membrane selectivity are available in the
Supporting Information (Text S2).

While these composite membranes exhibit exceptional
selectivity, it is notable that concentration-normalized CuCl,
fluxes are relatively similar to those of the pristine membrane
for a range of feed solution conditions (Figures 1C and SS,
Text S3 and S4). The normalized MgCl, fluxes of the pristine
and composite membranes were also comparable before
copper was introduced and considerably hindered magnesium
passage (see the 0% CuCl, purity condition in Figure 1D).
This behavior suggests that the polymer selective layer may
pose little additional resistance to salt transport compared to
the CEM base layer. In this case, the relatively high resistance
of the CEM base layer toward mass transfer could lower the
selectivity factors obtained with the composite membrane.
More explicitly, the composite membrane, even though it can
considerably upgrade the CuCl, purity of dilute solutions
(Figures 1E and S6), may have lower selectivity than the
polymer selective layer. In the following section, we investigate
whether the selectivity of the composite CEM may be limited
by the low salt permeability (or high salt resistance) of the
CEM base layer when using a concentration difference as the
driving force for salt transport.

CEM Resistance Limits Composite Selectivity in
Diffusion Dialysis. CEMs with a thin selective layer of
iminodiacetate groups provide high selectivity for copper, but
it is unclear whether the underlying CEM affects the separation
performance of the composite. To investigate this possibility,
we determined salt permeances through pristine and
composite membranes in diffusion dialysis, where we used
solutions of 0.1 M CuCl, or MgCl, (single salts) in the feed
chamber and DI water in the receiving chamber. We then used
a resistance-in-series approach to estimate salt permeance

through the polyelectrolyte film:*~*
1 1 1

B, B, B,

i psi

()

where B, B , and B, ; are the permeances of solute i (cm
s”') through the polyelectrolyte film, composite membrane,
and pristine CEM, respectively (Figure 2A). With this method,
we determined the salt permeance of a standalone (PAH/
PDCMAA); film to be roughly the same order of magnitude as
the salt permeance of the pristine membrane (Figure 2B),
which can be attributed to the dense structure and/or strong
cation—polymer interactions of the thin film.

Salt permeability values were subsequently used to
determine the effect of the pristine CEM on the composite
membrane permselectivity using the resistance-in-series model
(Figure S7). The composite membrane permselectivity can be
written as follows:

F; _ Rf,j + RPJ
R¢i+ R,

P.

(]

(8)

where P_ ;/P_ ; is the composite membrane permselectivity for
solute i and j, R ; and R ; are the resistances of solute i and j
through the polyelectrolyte film, and R, ; and R, ; are the

resistances of solute i and j through the pristine CEM (more
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details about the model and assumptions are available in the
Supporting Information, Text SS and S6). According to the
model, the composite permselectivity approaches the permse-
lectivity of the pristine membrane when the resistance of the
pristine membrane is high. Conversely, the composite
permselectivity approaches the permselectivity of the (PAH/
PDCMAA) film when the resistance of the pristine membrane
is low.

We modeled how changing the permeability and thickness
of the pristine membrane affects the CuCl,/MgCl, permse-
lectivity of the composite membrane, all else equal (Figure
2C,D). More specifically, we arbitrarily assumed film
permselectivity values (that is, P; c,c,/Ps Mgclz) of 25, 50, or

100 (see contour lines in Figure 2C,D). For each assumed film
permselectivity, we then estimated the composite membrane
permselectivity for any given permeability or thickness of the
CEM base layer. It is important to note that this approach
inherently assumes that the permselectivity of the CEM does
not change across the range of CEM permeabilities and
thicknesses considered (Text S6).

Experimental data were subsequently layered on top of the
model to evaluate whether the properties of the CEM base
layer limit the permselectivity of the composite membrane.
The experimentally measured CuCl, permeability of the
pristine membrane falls toward the left side of the plot in
Figure 2C. In this region, the model estimates that the
composite permselectivity is constrained to less than half of the
assumed permselectivity of the film. The composite membrane
permselectivity is no longer limited by the base layer, however,
as the CuCl, permeability of the pristine membrane increases.
For instance, the CEM base layer has a negligible effect on the
composite membrane permselectivity as its CuCl, permeability
approaches its theoretical maximum value, or the diffusivity of
CuCl, in bulk water.

The thickness of the pristine membrane has a similar
limiting effect on the permselectivity of the composite
membrane as the permeability of the pristine membrane
(Figure 2D). The CEM thickness, as reported by the
manufacturer (45—SS pm), presents enough mass transfer
resistance where the composite membrane permselectivity is
considerably lower than the assumed permselectivity of the
film. A much thinner CEM with otherwise similar properties
could provide much higher CuCl,/MgCl, permselectivity,
according to the model.

We then experimentally investigated whether decreasing the
CEM resistance would increase selectivity of the composite
membrane. We performed Donnan dialysis using multisalt feed
solutions of 0.1 M CuCl, and MgCl, with the pH of the feed
and receiving chambers adjusted with HCIl. Unlike diffusion
dialysis, protons can diffuse from the receiving chamber to the
feed chamber while metal cations diffuse from the feed
chamber to the receiving chamber. Acid addition thus allows
protons to “pump” metal cations across the CEM.*® This
process should yield higher fluxes because it is not rate-limited
by the slow transport of anions (co-ions) across the CEM, as
seen with diffusion dialysis. Rising Cu** and Mg®" fluxes
through the pristine membrane with more HCI confirm that
protons pump Cu®* and Mg** into the receiving chamber
(Figure 2E).

If the resistance of the CEM limits the selectivity of the
composite membrane, increasing transport rates through the
CEM should increase the Cu*" flux more than the Mg** flux for

https://doi.org/10.1021/acs.est.3c00445
Environ. Sci. Technol. 2023, 57, 6331-6341


https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00445/suppl_file/es3c00445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00445/suppl_file/es3c00445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00445/suppl_file/es3c00445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00445/suppl_file/es3c00445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00445/suppl_file/es3c00445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00445/suppl_file/es3c00445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00445/suppl_file/es3c00445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00445/suppl_file/es3c00445_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c00445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology pubs.acs.org/est

Pum Measured Bulk
"AEM “CEM _AEM_.'_‘_‘_‘I 1 CEM g‘ 100 g 3
| ! | F=T - Vo
o =0 || | Bd be oy JL 3 ¥ 80 P
I = - D Y L ' '
] > O ] I % o X 60 | .
o =3 (<] a 2 % H
<} @ 3! = = I [ i
< | gL B P g g
_ ectrode w 5 r (-
@ be |Electroc D p® § 20 [ TS
o L .
| 1 0 td vl vl v dod 1
A a ! / . B B
t- A o Oj Luggin  Film 10° 10° 107 10'
Film b capillary FKS Cu® conductivity,
um Ky (SM7Y)
_ 121 20.6
B $= +0.10 +4.47 ?00 F Measured Bulk
- CH [ el = 20 Fold+ !
- 1r 1 cu® @ [ mg? £ Linr, i/
& 3 mg* (G- = C !/ /i
S 08| 101 F g w15 ¥k
5 g T o
g 061 8 SEI10F .
o O =2 s N !
S04l 2 107} 2 s F o7
< c g— 5L Vo
= 0.2 S F‘ F‘ 5 E E E
O E .
0 [ 102 0 Cowlvudvod ool vodbud i
-5 -3 -1 1
I & S 10° 10% 107 10
& & & K FKS Cu®* conductivity,
oy oy Ky (SMTY)

Figure 3. Effect of the CEM base layer on the selectivity of the composite membrane in ED. (A) Schematic illustration of the four-compartment
ED system. The cathode and anode chambers were recirculated to an external electrode rinse solution using peristaltic pumps. A CEM separated
the diluate chamber (facing the anode) and the concentrate chamber (facing the cathode). (B) Transport numbers of H*, Cu**, and Mg** for
pristine FKS membranes and composite FKS membranes with (PAH/PDCMAA); films. The Cu®*/Mg** selectivity (S) of each membrane is listed
above the chart. Experiments were conducted with 0.1 M CuCl, and 0.1 M MgCl, (pH 2) in a multisalt diluate chamber, 10 mM HCI (pH 2) in
the concentrate chamber, and 0.4 M NaNO; (pH 2) in the electrode chambers. A constant current density of I mA cm™ (2 mA) was used. (C)
IMustration of the two-compartment cell used to determine membrane resistance and conductance. Ag/AgCl reference electrodes were placed in
Luggin capillaries filled with 1 M KCl and stationed within S mm of the membrane. (D) Conductance for pristine FKS membranes, composite FKS
membranes with (PAH/PDCMAA); films, and only (PAH/PDCMAA); films. Films faced the anode. Experiments were conducted with single-salt
solutions of 0.1 M CuCl, or MgCl, (pH 3.6) in both chambers. (E, F) Modeled Cu®*/Mg** selectivity of a composite membrane with changing the
conductivity of the pristine membrane with a (E) film selectivity (k¢ c,>'/K¢ Mgz*) assumed to be 25, 50, or 100 or (F) film resistance (r;) that is 10-
or 100-fold lower than experimentally determined (gray curve). Conductivity and selectivity of the pristine membrane were determined from (D).
The modeled composite selectivity was derived from eq 10. The vertical dashed lines indicate the measured Cu®* conductivity of the pristine
membrane and the conductivity of CuCl, in bulk water.*' In (F), the film selectivity was assumed to be 20 in accordance with (B). All error bars
represent one SD of three independent measurements.

the composite membrane. We observe this behavior when film. We determined the separation performance of AAO
adding acid into the receiving chamber to increase fluxes composite membranes with solution acidity down to pH 2
through the CEM (Figure 2E). The Cu*" flux increases (AAO was unstable at pH 1), and the film did not become
considerably more than the Mg flux of the composite more selective in more acidic environments (Figure 2F, top).
membrane as the mass transfer resistance of the pristine Instead, the film became less selective at lower pH, perhaps
membrane decreases. More explicitly, the slope of the trendline because the film increasingly favored proton sorption over

for Cu® is steeper than that for Mg** in Figure 2E, suggesting copper (Figure S8). Although different base layers may lend
an increase in Cu®’/Mg™" selectivity of the composite films with distinct properties and performance, it appears
membrane. at Iower.pH. o reasonable to conclude that the film did not contribute to the

Alt.ernatl.vely, an mcrease +0f selef:t%wty at low pH could be higher selectivity of the FKS composite membrane at low pH.
explained if the Cu /Mg selectivity of the bare CEM 0 If an increase in selectivity of the bare CEM or film did not
(PDCMAA/PAH); film increased. As expected, the Cu™/ increase selectivity of the FKS composite membrane at low

Mngr selectivity of the pristine FKS membrane changed very . . i o

little across pH 13 (Figure 2F, bottom), which removes the pH, we can attribute the increase in selectivity to the lower

possibility that the pristine FKS membrane enhances resistance of the CEM base layer (Figure 2F, bottom). More

composite membrane selectivity at low pH. We then specifically, a lower resistance of the pristine CEM allows the
composite membrane selectivity to approach the selectivity of

the film. This analysis supports that the resistance of the CEM

base layer restricts the selectivity of the composite membrane

investigated whether the film selectivity increased at lower
pH by preparing polyelectrolyte films on AAO (8, = 61 um)
with 20—30 nm pore sizes and high porosity.”” These large

pore sizes minimize the resistance of the base layer, at least in diffusion experiments. Increasing the salt permeance of the
compared to CEMs, which in principle should reduce effects of CEM base layer could improve composite membrane
the base layer on the selectivity of the composite membrane. selectivity, but other driving forces for ion transport may also
The selectivity of a polyelectrolyte film on AAO is thus reduce the mass transfer resistance of the CEM base layer. In
expected to approximate the selectivity of the polyelectrolyte the following section, we measure the ionic conductivity of the
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CEM to determine if it may limit the Cu®*/Mg*" selectivity of
a composite material in ED.

Lowering CEM Resistance Maximizes Composite
Selectivity. A four-compartment ED system was used to
evaluate pristine and modified CEMs for their Cu**/Mg**
selectivity at a constant current density of 1 mA cm™* (Figure
3A). The applied voltage provided similar fluxes through the
pristine membrane and 4—7 times higher fluxes through the
composite membrane than observed in Donnan dialysis under
identical conditions (Figures 2E and S9). These fluxes suggest
that the Donnan potential in Donnan dialysis and the applied
potential in ED are approximately equal for the pristine
membrane.

Protons were the dominant charge carriers for both pristine
and composite membranes (Figure 3B), which is reasonable
given the mobility of protons and the solution acidity (pH 2).
For the pristine membrane, Cu** and Mg*" carried small but
nearly equal fractions of the current (~0.08) (Figure 3B). In
contrast, the Cu®" transport number increased to 0.26 + 0.04
and the Mg2+ transport number decreased to 0.01 + 0.002 with
addition of the (PAH/PDCMAA); film. These transport
numbers correspond to Cu**/Mg*" selectivity of 1.21 + 0.10
for the pristine membrane and 20.6 + 4.47 for the composite
membrane. Notably, the composite membrane selectivity in
ED is comparable to the selectivity observed in Donnan
dialysis under identical conditions (24.0 + 4.93, Figure 2F).

To establish whether the CEM base layer affects the
composite membrane selectivity, we used a four-electrode,
two-compartment system equipped with Haber—Luggin
capillaries to determine the ionic conductivity of the pristine
and modified membranes (Figure 3C). Lower conductances
were observed for composite membranes with (PAH/
PDCMAA); films facing the anode than the cathode (Figure
S10 and Text S7). To maintain consistency with the
experimental design in ED testing, we calculated the
conductance of a polyelectrolyte thin film facing the anode

. . . . 42—45
using a resistance-in-series approach:
111
Gf,i Gc,i GP;i (9)

where G, G, ;, and G, ; are the conductances of solute i (S)
through the polyelectrolyte film, composite membrane, and
pristine CEM, respectively (Figure S11). The conductance of
the standalone (PAH/PDCMAA), film was 1—2 orders of
magnitude smaller than the conductance of the pristine
membrane (Figure 3D), which is a considerably larger
difference than observed for permeances (Figure 2B).

Ionic conductivities of each component of the composite
membrane were then used to model composite membrane
selectivity as follows:

K,

c,i

Ry

K,

o) oo T 1

(10)
where k_ /K. ; is the composite membrane selectivity for
solutes i and j, r¢; and r;; are the electrical resistances of
solutes i and j through the polyelectrolyte film, and r,, ; and r,, ;
are the electrical resistances of solutes i and j through the
pristine CEM (more details about the model and assumptions
are available in Text S6 and S8). Specifically, we evaluated
whether the conductivity of the pristine CEM bears any effect
on the Cu**/Mg*" selectivity of the composite membrane,
assuming that conductivity of the base layer may be tuned
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independently from other properties (Figure 3E). Similar to
methods described in the prior section, we assumed film
selectivities (in this case, K¢ ¢,2*/K, Mg“) of 25, 50, or 100 (see
contour lines in Figure 3E) to model the composite membrane
selectivity for a range of CEM conductivities.

Conductivity measurements from experiments were then
layered onto the model to assess whether the composite
membrane selectivity is partially controlled by the CEM base
layer (Figure 3E). According to our estimates, the conductivity
of the CEM base layer, as measured in experiments, has a
negligible effect on the composite membrane selectivity for any
assumed film selectivity. Increasing the conductivity of the
CEM base layer, even to the conductivity of the bulk solution,
would not provide noticeable improvement in the selectivity of
the composite material.

Nonetheless, the effect of the base layer could become more
pronounced as the electrical resistance of the base layer
increases or the polyelectrolyte film decreases. For example, in
Figure 3F, we use the resistance-in-series model to estimate
how a 10- or 100-fold lower film resistance (contour lines in
Figure 3F) could change the composite membrane selectivity
as a function of CEM conductivity. At the conductivity
measured for FKS membranes, a 100-fold decrease in the
electrical resistance of the film could reduce the composite
selectivity by more than twofold, according to model estimates.
As there can be considerable variability in the conductivity and
thickness of selective layers, it seems possible that some films
may have 10 to 100 times lower resistance than the (PAH/
PDCMAA); films studied here. Future ED studies should
consider on a case-by-case basis whether a CEM base layer
could have performance-limiting effects on a composite
membrane.

B IMPLICATIONS

Membranes with highly precise selectivity between similar
species could enable various separations of considerable water,
energy, and environmental significance, such as nutrient
recycling from wastewater, water softening, and reclamation
of critical metals from brines or wastewaters.”®'** Applying a
thin selective layer on an IEM is a common method used to
produce selectivity between similar ions, including commercial
monovalent-selective membranes and lab-scale membranes
with ion-specific selectivity.'”~"’ With this method, the mass
transfer resistance of the IEM base layer is typically assumed to
bear no effect on the selectivity of the composite membrane.
Our work demonstrates otherwise—the resistance of the IEM
can be performance-limiting under some circumstances.

Understanding the conditions in which the mass transfer
resistance of the base layer influences composite membrane
performance is critical to proper design and experimental
evaluation of these materials. Results from this study highlight
that resistance of IEMs can vary with the driving force for ion
transport, indicating that IEMs have a distinct effect on
composite membrane selectivity in different processes.
Separation factors measured across these different driving
forces are therefore not necessarily similar. Membranes
developed for specific purposes should be evaluated with the
methods in which they were designed to be used,’ but we
recommend to avoid testing composite IEMs in diffusion
dialysis. In this process, Donnan exclusion of co-ions produces
high resistance to salt transport that can considerably affect the
separation performance of the composite.
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While we did not observe any performance-limiting effects
of the base layer on the composite membrane selectivity in ED,
conclusions may change for composite IEMs with base layers
that have considerably lower conductivity and larger thickness
than FKS. As an example, AEMs generally have lower
conductivity than CEMs,” such that thick AEM base layers
could have more pronounced effects on the composite
membrane selectivity. It is also possible that other separations
which involve monovalent or trivalent counterions could lend
different outcomes. Given that the potential influence of the
IEM resistance on composite membrane selectivity is now
apparent, future studies with other base layers, selective layers,
and salt pairs should consider these effects. These studies will
provide a more complete understanding of whether IEM base
layers influence composite membrane selectivity in ED.

Designing composite IEMs with precise selectivity may
require that attention be given to engineering novel IEMs as
base layers. The mass transfer resistance of the base layer could
become less negligible as the selective layers become more
permeable or thinner,” which are otherwise desirable goals for
high-precision ion separations.”” Designing IEMs with higher
conductivity or lower thickness should thus be considered,
although the effect of these design choices on other
performance metrics should be carefully evaluated. For
instance, ionic conductivity can be improved by increasing
ion-exchange capacity (that is, the number of ion-exchange
groups per unit weight of dry polymer), but the cation/anion
permselectivity would decrease because of swelling of the
membrane.’’ Reducing membrane thickness would also reduce
resistance, but it may compromise mechanical stability.’!
Novel materials or fabrication methods that decrease mass
transfer resistance of IEMs without forfeiting other key
properties will be necessary for practical, high-precision
membrane separations.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.3c0044S.

Salt resistance and selectivity of double-sided composite
membranes (Text S1); mechanism for membrane
selectivity (Text S2); transport behavior and mecha-
nisms with varying feed purity (Text S3); transport
behavior and mechanisms with varying feed ionic
strength (Text S4); resistance-in-series model for
permeability (Text SS); model assumptions (Text S6);
conductance with the film facing the anode or anode
(Text S7); resistance-in-series model for conductivity
(Text S8); attenuated total reflectance Fourier-transform
infrared spectra of composite CEMs (Figure S1); static
water contact angles for pristine and composite CEMs
(Figure S2); thickness of layer-by-layer polyelectrolyte
films with 4—7 bilayers (Figure S3); transport properties
of composite CEMs with single-sided or double-sided
modification (Figure S4); normalized salt flux and
selectivity for pristine and composite membranes in
diffusion dialysis with multisalt feed solutions of different
ionic strength (Figure SS); selectivity in diffusion
dialysis with multisalt feed solutions of different molar
proportions (Figure S6); CuCl,/MgCl, permselectivity
of pristine CEMs, modified CEMs, and polyelectrolyte
films in diffusion dialysis with single-salt solutions

6339

(Figure S7); cation flux of AAO composite membranes
at different pH (Figure S8); fluxes of Cu*" and Mg*" in
ED (Figure S9); conductance of (PAH/PDCMAA);
films facing the anode or cathode (Figure S10); Cu*/
Mg** selectivity of pristine CEMs, modified CEMs, and
polyelectrolyte films calculated from conductivity
measurements (Figure S11); properties of cation-
exchange membranes reported by the manufacturer
(Table S1); experimentally determined thickness of
cation-exchange membranes (Table S2); and properties
of polymers utilized in layer-by-layer assembly (Table
$3) (PDF)
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