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Water filtration membranes with advanced ion selectivity are
urgently needed for resource recovery and the production of clean
drinking water. This work investigates the separation capabilities
of cross-linked zwitterionic copolymer membranes, a self-assembled
membrane system featuring subnanometer zwitterionic nanochan-
nels. We demonstrate that selective zwitterion-anion interactions
simultaneously control salt partitioning and diffusivity, with the per-
meabilities of NaClO,, Nal, NaBr, NaCl, NaF, and Na,SO, spanning
roughly three orders of magnitude over a wide range of feed con-
centrations. We model salt flux using a one-dimensional transport
model based on the Maxwell-Stefan equations and show that diffu-
sion is the dominant mode of transport for 1:1 sodium salts. Differ-
ences in zwitterion-Cl~ and zwitterion-F~ interactions granted these
membranes with the ultrahigh CI7/F~ permselectivity (Pq./Pr. = 24),
enabling high fluoride retention and high chloride passage even from
saline mixtures of NaCl and NaF.

membranes | self-assembly | ion separation | synthetic ion channel |
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Membranes with advanced ion selectivity could provide a
sustainable technical solution to global resource shortages.
For example, dangerously high concentrations of fluoride in avail-
able drinking water sources affects many communities, resulting in
widespread, debilitating illnesses such as fluorosis (1, 2). Mem-
branes with enhanced chloride/fluoride selectivity could protect
these communities from fluorosis without necessitating high-
pressure filtration or remineralization of the drinking water
(2, 3). Limited geological reserves of lithium and uranium pose a
major challenge to sustainable lithium battery production and
nuclear power generation, respectively (4). Membranes capable of
selective ion retention could enrich aqueous feedstocks with de-
sired ions, enabling efficient capture of precious metals (5). Cur-
rent synthetic membranes separate solutes by size and charge
differences (6, 7), limiting their use in advanced ion separations
such as these. As such, the design of synthetic membrane filters
with targeted ion selectivity represents a crucial challenge for
addressing global resource shortages.

Biological ion channels (BICs) exhibit exquisite ion selectivity
that can inspire novel membranes capable of precise ion sepa-
rations. Potassium channels permeate potassium >10,000 times
faster than sodium, despite the sub-A size difference between
these equally charged ions (8). While synthetic membranes
separate ions primarily by size and charge differences (6, 7),
BIC:s rely on interactive functional groups that line the walls of
nanopores (6, 9). The favorability and strength of these inter-
actions control ion partitioning and diffusion rate, providing a
powerful mechanism for separating similarly sized ions (6, 9).
Crucially, BIC pore diameters are comparable to or slightly
smaller than the hydrated diameter of the target ion (6, 9). This
nanoconfinement forces ions to interact with the functional
groups lining the pores, greatly amplifying selectivity (6, 9).

Numerous approaches have attempted to translate this separation
mechanism to synthetic systems, including the use of supramolecular
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assemblies (10), carbon nanotubes (11, 12), and graphene oxide
laminates (13). These various approaches face severe manufacturing
challenges (6, 14), however, and the use of polymeric materials is
preferrable due to low cost and simple scale-up (6). For example,
block copolymers (BCPs) have been used to fabricate ultrafiltration
(UF) membranes with controlled pore wall functionality (15),
leading to tunable selectivity through solute—-membrane interactions
(16, 17). However, the relatively large size of BCP membrane pores
(>2 to 3 nm) limits its use for ion separations. Membranes formed
from packed arrays of random copolymer micelles have demon-
strated selectivity based on solute charge (9) and aromaticity (18),
but the pore size of these membranes is also too large to separate
salt ions. It has been shown that the transport properties of ion
exchange membranes are affected by the compatibility between the
ions and fixed charge groups (19, 20), but this approach has not
been utilized to design advanced membrane filters.

Random zwitterionic amphiphilic copolymers (r-ZACs) are
random/statistical copolymers that combine zwitterionic and hy-
drophobic repeat units. Strong interactions between zwitterions
(ZIs) drive the formation of a bicontinuous network of zwitter-
ionic nanochannels surrounded by a hydrophobic nanophase
(21-24). Thin film composite (TFC) membranes are prepared by
coating a thin (~1 pm) copolymer layer onto porous supports, a
simple and scalable membrane fabrication process. During aque-
ous filtration, the zwitterionic domain functions as a network of
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hydrophilic nanochannels for the transport of water and small
solutes. For a broad range of copolymer compositions (21, 22, 25),
r-ZAC membranes possess pores that are too large to achieve ion
selectivity.

Recently, we developed r-ZAC membranes with subnanometer
channels and exceptional mono/divalent ion selectivity (26). These
TFC membranes are prepared using an 1-ZAC that contains cross-
linkable allyl groups (Fig. 14). After membrane fabrication, we
extensively cross-link the hydrophobic domain by photopolymerization.
This prevents the zwitterionic nanochannels from swelling water,
resulting in a smaller effective pore size during aqueous filtra-
tion (26). Highly cross-linked r-ZAC membranes (ZAC-X) have
an effective pore diameter of only ~0.9 nm, based on the 99.7%
retention of sucrose (S Appendix, Fig. S1) (26), and achieved one
of the highest C17/SO4>~ selectivities reported (26). The small pore
size of ZAC-X is essential for the observed selectivity because
uncross-linked r-ZAC membranes with larger pores exhibited rel-
atively limited ion selectivity.

ZAC-X presents a unique self-assembled membrane system
featuring subnanometer nanochannels lined with abundant ion-
interactive ZI groups (Fig. 1B). In this work, we investigate the
ion selectivity of ZAC-X during pressure-driven filtration over a
wide range of feed concentrations. We show that favorable ZI-
anion interactions lead to enhanced salt partitioning and per-
meation rate, whereas ZI—cation interactions play a limited role
(Fig. 1C). We employ a Maxwell-Stefan (MS) modeling ap-
proach to show that 1:1 sodium salts permeate via diffusion only.
Differences in ZI-Cl™ and ZI-F~ interactions granted ZAC-X
with ultrahigh CI7/F selectivity, enabling the treatment of water
sources with high fluoride content. This work offers a scalable
approach for the design of ion-selective membrane filters.

Results and Discussion

Polymer Synthesis and Membrane Manufacture. The cross-linkable
1-ZAC, poly(allyl methacrylate-r-sulfobetaine methacrylate) (P(AMA-
-SBMA)) containing 47 weight(wt)% SBMA (Fig. 14), was synthe-
sized using Activators ReGenerated by FElectron Transfer—Atom
Transfer Radical Polymerization (ARGET-ATRP). This copolymer
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composition was selected as it was expected to microphase sepa-
rate into a bicontinuous morphology leading to highly permeable
yet stable selective layers (21, 22). The copolymer composition
closely matched the monomer ratios in the reaction mixture de-
spite the reaction being stopped at ~10% conversion, implying a
roughly random sequence of monomers. Using gel permeation
chromatography (GPC), we determined that the number-averaged
molecular weight was 1.8 x 10° Da with a dispersity of 5.4. The
large dispersity was due to the presence of a high molecular weight
fraction, which likely formed due to slight intermolecular chain
cross-linking (SI Appendix, Fig. S2) (27). This copolymer was rod
coated onto a commercial UF membrane support (PS35, Solecta)
and dried using a heat gun, resulting in TFC membranes with an
~450-nm thick selective layer (Fig. 14). TFC membranes were
then soaked in a solution of photoinitiator in isopropyl alcohol,
which swells the hydrophobic nanodomain but not the zwitterionic
nanochannels. Exposure to ultraviolet (UV) light for 20 min led to
the polymerization of the allyl groups of AMA, reducing the
nanochannel diameter to <1.0 nm (26). The resultant membrane,
ZAC-X, exhibited a water permeance of 0.37 L - m™2- hr™! - bar ™},
in agreement with previous studies (26).

Rejection of Sodium and Chloride Salts. Water and small solutes
permeate r-ZAC TFC membranes through a network of self-
assembled zwitterionic nanochannels (Fig. 1B) (21, 22, 25).
Unlike previous r-ZAC membranes, however, ZAC-X possesses
exceptionally narrow nanochannels (<1.0 nm). Due to confine-
ment, we expect that permeating ions are forced to intimately
interact with the ZI groups lining the nanochannel wall of ZAC-X.
This would provide a clear mechanism to achieve interaction-
based selectivity, since interactions are known to simultaneously
affect partitioning and diffusivity (19). Experimental (28-30) and
simulation (31) studies indicate that SB groups preferentially bind
with weakly hydrated anions (e.g., ClO4™) over strongly hydrated
anions (e.g, SO4¥). SB—cation interactions are comparatively
weaker (28), although they can still disrupt ZI-ZI pairs (32).

To study the effect of SB—anion and SB—cation interactions
on membrane selectivity, we measured the rejection of various
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Fig. 1. (A, Top) Chemical structure of the cross-linkable r-ZAC, poly(allyl methacrylate-r-sulfobetaine methacrylate) (P(AMA-r-SBMA)). (Bottom) FESEM cross-
sectional image of a TFC membrane. The dense top layer is the cross-linkable r-ZAC on the support. (B) Illustration of cross-linked r-ZAC nanostructure. The
hydrophobic domain (red) surrounds the zwitterionic nanochannels (blue), which permeate water and certain ions. The hydrophobic domain is chemically
cross-linked to reduce the effective pore size to <1.0 nm (26). (C) Schematic showing the ZI-ion interactions occurring during pressure-driven filtration within
the zwitterionic nanochannel. Favorable Zl-anion interactions enable higher permeation rates due to enhanced salt partitioning. These membranes enable
selective separations during pressure-driven filtration, a highly scalable mode of operation.
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sodium (NaX) and chloride (MCI) salts at 20 mM feed con-
centration and 250 psi operating pressure (Fig. 2 A and B).
Rejection varied broadly among sodium salts with different an-
ions (NaX). The variation was unusually wide among anions with
the same valence, from 21% for NaClO,4 to 91% for NaF. This
clearly demonstrates the unusual ability of cross-linked r-ZAC
membranes to separate ions based on their chemical structure.
The rejection sequence followed NaClO4 ~ Nal < NaBr < NaCl <
NaF < Na,SO, (Fig. 24). This order closely follows ZIl-anion
interactions, with lower salt rejections corresponding to more fa-
vorable ZI-anion interactions. The retention of Na,SO, was ex-
tremely high (99.4%), likely because SB-SO,”> interactions are
highly unfavorable (30).

In contrast, the rejection of chloride salts with different cat-
ions (MCI) appeared to be most heavily influenced by the cation
charge and size, with the larger divalent cations Ba?* and Mg>*
rejected more than monovalent cations Cs*, Na*, and Li* (Fig.
2B). The rejections of Ba®>* and Mg”* are comparable with that
of similarly sized neutral solutes (~90%) (26), implying a size
exclusion mechanism. This also explains the similar retentions of
Cs*, Na*, and Li", because noninteractive membranes also
demonstrate similar rejections of salts containing these cations
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Fig. 2. Rejection of various sodium (NaX) and chloride (MCI) salts at 250 psi
pressure. (A) Rejection of NaX with various anions. Rejection increases with
increasing anion hydration strength (Left to Right), which correlates closely
with SB-anion interaction propensity. (B) Rejection of MCl with various
cations. Rejection is not clearly determined by cation hydration strength
(increasing Left to Right). Higher rejections are observed for divalent cations
than monovalent cations.
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(33, 34). These results suggest that the weaker SB—cation inter-
actions (28, 30) have limited impact on selectivity. The rejection
of perchlorate salts (CsClO4, NaClO,4, and LiClO,) showed a
similar trend, with monovalent cation species having little effect
on salt rejection (SI Appendix, Fig. S3).

Transport Modeling. To study the underlying mechanisms that
govern the selectivity of these membranes, we modeled the
permeation of sodium salts using the MS equations (35-37). The
MS equations, derived from irreversible thermodynamics, pro-
vide a comprehensive description of diffusion while also account-
ing for convection through frame of reference corrections and
friction coupling (36, 37). This framework has successfully modeled
multicomponent diffusion in numerous membrane systems, in-
cluding reverse osmosis, UF, ion exchange, pervaporation, and gas
permeation membranes (35). We utilized the integrated MS
equations derived by Paul (36) and further adapted the model to
describe the transport of charged species under the constraint of
electroneutrality (ST Appendix). Simplifying assumptions allowed us
to concisely express salt flux in terms of the diffusive and convec-
tive contributions:

Nowné _ 0
ACS = PS + MWCSSSA—Q. [1]

The left-hand side of Eq. 1, termed “normalized salt flux,” is the
product of superficial salt flux (V) and the copolymer weight
fraction for the swollen membrane (w,,) normalized by diffusion
driving force (ACy/8, where AC; = Cjpeed — Cs permeate, and 8 is
the effective membrane thickness). The first term on the right-
hand side of Eq. 1 is salt permeability (Py), which is the diffusion
contribution to the normalized salt flux. The second term is con-
vective flux (u,c,e,, where u,, is superficial water velocity, c; is
average salt concentration in the membrane, and &, is the salt
friction coupling coefficient) normalized by diffusion driving force
(ACy/5). Eq. 1 deconvolutes diffusive and convective transport, the
relative contributions of which can be determined by filtering salt
solutions at varying u,, (SI Appendix). The diffusive component
can be further analyzed to calculate permeability (Py):

Py = D,K. [2]

Dy describes the diffusivity of both the anion and the cation of
the salt because both species must diffuse together to maintain
electroneutrality in the overall-neutral zwitterionic nanochan-
nels. K; is the salt partition coefficient and quantifies the molar
concentration of salt in the membrane relative to that of the
adjacent bulk solution:
K ==, 3]
Cs,b
Where ¢, and ¢, are molar salt concentration in the membrane
and bulk phases, respectively. K; is affected by membrane—ion
interactions (Fig. 1C), ion dehydration, steric exclusion, and
electroneutrality (38). For 1:1 salts, an equal number of cations
and anions must partition into the overall-neutral zwitterionic
nanochannels to maintain electroneutrality. The analogously de-
fined water sorption coefficient (K,,) is given by the following:

K, =< [4]
Cw,b

Where ¢,, and ¢, , are molar water concentration in the membrane
and bulk phases, respectively. For simplicity, it is generally as-
sumed that water absorbed by the membrane has the same density
as bulk water (39). To analyze transport through the ZAC-X
membrane using this model, we filtered sodium salts at 20 mM
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feed concentration with varying transmembrane pressures and
plotted normalized salt flux against water velocity (Fig. 3). Accord-
ing to Eq. 1, the convective contribution to the normalized salt flux
increases with water velocity, whereas the diffusion contribution
(permeability, P;) remains constant. For NaClO,, Nal, NaBr,
NaCl, and NaF, we observed no increase in normalized salt flux
with u,,. This indicates that diffusion is the dominant transport
mechanism for these salts.

Na,SO, was the only salt that showed significant contributions
from both diffusion and convection, with normalized salt flux
increasing with water velocity (Fig. 3 and SI Appendix). The
diffusive flux of this salt was extremely low in comparison to
other salts, leading to high retention (99.4%). Convective per-
meation may be significant only for a small portion of membrane
area that is less tightly cross-linked. This contribution would be
not visible for the other sodium salts (NaClO,, Nal, NaBr, NaCl,
and NaF) due to their greater permeability.

Sorption and Permselectivity. To determine the mechanism for the
observed selectivity, we measured the salt partition coefficient
(K;) of the sodium salts via salt uptake experiments (Fig. 44).
Salt uptake increased linearly with external salt concentration for
20 to 500 mM (SI Appendix, Figs. S5 and S6), similar to other
uncharged polymers (39). K, exactly followed the order of ZI-
anion interaction propensity, indicating that favorable ZI-anion
interactions lead to enhanced salt partitioning. This result ex-
plains why lower retention/faster permeation rates were ob-
served for salts with more favorable ZI-anion interactions (Figs.
2 and 3). Notably, the copolymer demonstrated preferred sorp-
tion of NaClO, and Nal over water, with Ky,ci04 and Ky,; ex-
ceeding the analogously defined water sorption coefficient (K,
Fig. 44). This preference for salt sorption over water sorption is
rarely observed in membrane systems (39) and likely suggests
extensive interactions. Furthermore, such high salt partitioning
relative to water could only be possible if a large portion of the
partitioned ions were favorably interacting with the ZIs. Indeed,
NaClO,4 was absorbed so extensively that it was enriched in the
copolymer phase relative to the bulk solution (Ky,cio4 = 1.45).

To further investigate selectivity, we measured the perme-
ability (P, Eq. 1) of NaClO,, Nal, NaBr, NaCl, NaF, and
Na,SO, over a wide range of feed concentrations (Fig. 4B). For
lower salt concentrations (20 to 60 mM), we observed Pn,cios &
Prnar > Pnapr > Pract > Pnar >> Prazsos- With the exception of

2.8x108

Nal V = \vi
2.1x10% Naclo, Ub—pa—5—f
)
T 1.4x10° NaBr .0
S NaCl O r
g 7.0x10° C—= S—=—
. 7
';e 8.0x1007 T
2 4.0x10'“’} |
4.0 1011: Na,S0, o T
.0x10° g
2.0x10-" 1 a---B----- - |
0} . : . |
0 05 1 15 2
u,, (um/s)

Fig. 3. Normalized salt flux (Nw,,6/AC;) versus water velocity (u,) for
NaClO4, Nal, NaBr, NaCl, NaF, and Na,SO4; at 20 mM feed concentration.
Model fit (Eq. 1) reveals that convection is negligible for all salts except
Na,SO,4, which had important contributions from both diffusion and
convection.
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Prnacios = Pnar, this trend exactly follows the order of ZI-anion
interaction propensity. While the effects of size exclusion are
difficult to isolate, this result illustrates that excellent interaction-
based permselectivity was accessed by our system. For instance,
the permeability of NaClO4 was 39 times greater than that of NaF
at 20 mM feed concentration, despite the <0.2 A size difference
between ClO4~ and F~ (40).

Salt permeability appeared to increase with feed concentration
for all salts except NaClOy (Fig. 4B and SI Appendix, Table S4).
This reflects a slight increase in salt diffusivity, because the parti-
tion coefficients remained constant with external salt concentration
for 20 to 500 mM (SI Appendix, Figs. S5 and S6). For uncharged
polymers, salt diffusivity generally remains constant with feed
concentration (39). Poly(ZIs) are known to be salt responsive,
however, undergoing conformational changes through the anti-
polyelectrolyte effect (30). This phenomenon may have led to
small molecular rearrangements within the nanochannels, causing
salt diffusivity and permeability to slightly increase with feed
concentration. The exact mechanism underlying this rearrange-
ment is still unclear, however, because stronger ZI-anion inter-
actions did not correspond to a greater dependence of P, on feed
concentration. Interestingly, the order of permeability changed to
Prar > Pnucios ® Pnagr > Pnact > Pnar >> Pnaz2soq at the highest
feed concentration (500 mM), despite the dependence of P, on
feed concentration being relatively weak. This change in the P
sequence occurred because P increased for all salts except
NaClOy.

Salt diffusivities (D;) were calculated using the measured
values for K and P; (Eq. 2, Fig. 4C). In contrast to partitioning,
we did not expect diffusivity to be enhanced by favorable inter-
actions. For a ZI-complexed ion to execute a diffusion hop, it
must first break the transient bond with the ZI (Fig. 1C). This
process contributes to the diffusion energy barrier (7). The
strong dependence of K; and P; on Zl-anion interaction pro-
pensity suggests that extensive ZI-ion interactions occur within
the nanochannels. Therefore, favorable ZIl-anion interactions
were expected to result in lower diffusivity. Interestingly, we
observed Dyupr ~ Dyact > Dnar > Dyacios ~ Dyar >> Dnazsos
over the full range of feed concentrations (Fig. 4C). The anions
of the first four salts in this sequence, I", Br~, CI7, and ClO,",
are similarly sized. Therefore, this result suggests that Br~ and
CI™ had similar binding strengths, I had slightly stronger binding
than Br~ and CI7, and ClO,~ had stronger binding than I" (31).
This result agrees well with the salt partition coefficients (Kj),
because the high values of Ky, and especially Ky,cio+ suggest
extensive and favorable ZI-anion interactions. The lower diffu-
sivities of NaF and Na,SO, were likely due to greater anion size.

Chloride-Fluoride Separation. Despite the similar size and equal
charge of ClI” and F~, NaCl permeated much faster than NaF
through ZAC-X due to favored ZI-CI" interactions (Fig. 4). This
selectivity is ideally suited for the removal of fluoride from
drinking water. Excessive NaCl rejection necessitates reminerali-
zation, adding to separation cost and complexity (2, 3). ZAC-X is
also highly resistant to membrane fouling. Indeed, ZAC-X, similar
to other r-ZAC-based membranes, exhibits no measurable irre-
versible fouling when exposed to various foulants, fully retaining
its performance even with challenging feeds (26). This is another
key performance feature for this application (2), as well as in-
dustrial water treatment and reuse applications where selective
ion removal is desired.

While these results are promising, membrane selectivity often
declines with complex feeds (9). We therefore filtered equimolar
mixtures of NaCl/NaF (Fig. 54) to confirm that NaCl does not
reduce the CI'/F~ selectivity inferred from the single-salt filtration
experiments. Fig. 54 shows normalized fluoride flux (Ng,,,6/ACF)
and fluoride rejection versus ionic strength (I) for NaF-only
(single) and equimolar NaCl/NaF (mixed) solutions. Normalized
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Fig. 4. Partition coefficient (K, A), permeability (P, B), and diffusivity (D;, C) of sodium salts. The water sorption coefficient (K,,) is also included in A. Greater
partitioning and permeability generally corresponded to more favorable ZI-anion interactions, while diffusivity depended on interaction strength as well as anion size.

fluoride flux and fluoride rejection were identical for the single-
salt and mixed-salt solutions of matching /, indicating that chloride
had no apparent effect on fluoride transport beyond contributing
to the total ionic strength. The total salinity of the feed solutions
ranged from slightly brackish (500 parts per million [ppm]) to
heavily brackish (3,000 ppm), demonstrating that ZAC-X can
successfully filter fluoride from realistic drinking water sources at
a reasonable operating flux (6 to 7 L - m~> - hr™"). Fluoride re-
jection ranged between 92.5 to 88.1%, high enough to reduce the
fluoride content to below the World Health Organization (WHO)
limit (1.5 ppm) for problematic water sources from the United
States, Turkey, Germany, China, and India (2).

The CI'/F~ permselectivity of ZAC-X, defined as Pn,ci/Pnar,
greatly surpassed that of state-of-the-art polyamide TFC (3, 41-46)
and anion exchange (47-49) membranes (Fig. 5B). For instance,
ZAC-X achieved a maximum mixed-salt CI"/F~ permselectivity of
24, compared to only 4.4 for the polyamide membranes. ZAC-X
also doubled the in-operation CI'/F~ selectivity of previously
reported membranes in terms of CI7/F~ separation factor (SF) (S
Appendix, Fig. S9). The uncross-linked r-ZAC membrane dem-
onstrated much lower CI7/F~ permselectivity than ZAC-X due to
low retention of both NaCl and NaF (Fig. 5B and SI Appendix,
Table S6). This result illustrates that both selective ZI-anion in-
teractions and extremely small subnanometer pores are needed to
achieve exceptional ion selectivity. Interestingly, ZAC-X demon-
strated greater selectivity in mixed- versus single-salt mode,
whereas the opposite was observed for the polyamide membranes
(Fig. 5B). This enhanced mixed-salt selectivity was due to the
lower retention of CI™ during mixed-salt filtration (SI Appendix,
Table S6). While the underlying mechanism is not yet clear, it is
consistent with previous studies of membranes with nanoscale,
functionalized pores (9, 18). These results motivate further
study of the synergistic use of nanoconfinement and chemical
interactions to achieve previously inaccessible membrane
separations (6).

Conclusions

This work demonstrates that cross-linked r-ZAC membranes
provide a powerful platform for the scalable manufacture of
nanostructured membrane filters with advanced ion selectivity.
Favorable ZI-anion interactions led to enhanced salt partitioning,
with the partition coefficients of NaClO, and Nal greatly exceeding
the analogously defined water sorption coefficient. Permeability
mostly followed the order of Zl-anion interaction propensity,
spanning roughly three orders of magnitude for NaClO,, Nal,
NaBr, NaCl, NaF, and Na,SO, over a wide range of feed con-
centrations. Different ZI-Cl™ and ZI-F" interactions granted the
membranes with exceptional Cl"/F~ permselectivity and SFs, en-
abling high fluoride retention with NaCl/NaF mixtures ranging

Lounder and Asatekin

Interaction-based ion selectivity exhibited by self-assembled, cross-linked zwitterionic

copolymer membranes

from slightly brackish to heavily brackish salinity levels. Uncross-
linked r-ZAC membranes with larger pores demonstrated much
lower CI'/F~ permselectivity, illustrating that confinement was
essential for the observed separation performance. These results
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Fig. 5. (A) Normalized fluoride flux (Npw,,6/AC, Left axis) and fluoride re-
jection (Right axis) for NaF solutions (single) and equimolar mixtures of NaCl/
NaF (mixed) versus ionic strength (/). Pressure was adjusted to maintain 6 to
7L-m™2.hr' . bar™' operating flux. (B) CI/F~ permselectivity (Pyaci/Pnar)
versus Cl~ permeability for ZAC-X, uncross-linked r-ZAC, polyamide TFC (3,
41-46), and anion exchange (47-49) membranes. Closed and open symbols
correspond to mixed- and single-salt permselectivity, respectively. Perme-
ability was determined using equations relevant to each experimental con-
dition (reference S/ Appendix for further details). Data are tabulated in
SI Appendix, Table S6.
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underscore the potential for cross-linked r-ZAC membranes to
perform advanced ion separations at the commercial scale (50),
providing an efficient and green strategy for addressing crucial
separations such as selective fluoride removal.

Methods

Materials, detailed experimental procedures, derivation of the MS modeling
approach, and tabulated data are reported in S/ Appendix.

Copolymer Synthesis. The cross-linkable r-ZAC was synthesized using methods
described in previous work (26). In brief, P(AMA-r-SBMA) was synthesized by
ARGET-ATRP of AMA and SBMA, which preserved the allylic C = C groups for
future cross-linking (Fig. 1A).

GPC. Copolymer molecular weight was determined using a Shimadzu GPC
system equipped with a PSSPolymer PFG column, guard column, and re-
fractive index detectors. The mobile phase was a solution of trifluoroethyl
potassium salt/trifluoroethanol (0.05 M) eluted at 1.0 mL/min. Poly(methyl
methacrylate) standards were used for the calibration (ReadyCal Kit).

Membrane Preparation/Characterization. To prepare TFC membranes (26), we
coated a 3 wt/volume(vol)% solution of P(AMA-r-SBMA) in trifluoroethanol
onto a commercial support (PS35, Solecta). The solvent was evaporated using
a heat gun (Sparkfun), leading to TFC membranes with a dense ~450-nm
P(AMA-r-SBMA) selective layer (Fig. 1A). After cutting membrane disks and
measuring initial permeance and rejections, we equilibrated the disks with a 3
wt/vol% solution of photoinitiator in isopropanol and shined UV light for 20 min
to cross-link the hydrophobic domain. This reduced the nanochannel size
to <1.0 nm (26), enabling enhanced Zl-ion interactions due to confinement. TFC
membrane morphology was characterized using a Zeiss Supra55 VP field emis-
sion scanning electron microscope (FESEM). To prepare FESEM samples, mem-
branes were freeze fractured in liquid nitrogen, mounted, and sputter coated
with Au/Pd.

Membrane Testing. Filtration experiments were performed on 4.7-cm diam-
eter membrane disks using stainless steel stirred cells (HP 4750, Sterlitech)
stirred at 1,000 rpm and pressurized to 20 to 400 psi. For permeance mea-
surements, we applied a known transmembrane pressure (4P) and tracked
permeate flux over time. For single-salt rejection measurements, we loaded
125 mL feed solution, filtered >6 mL, and then collected the next permeate
fraction for analysis. Salt concentration was measured using a conductivity
meter (high range, VWR). Rejection of species i (R;)) was determined by the
following:

Ri = 100%(1 —&) [51
Cir

where C;p and C;r are permeate and feed concentrations of i, respectively.
Single-salt filtration was performed at a range of pressure differences. In
NaCl/NaF mixed-salt filtration experiments, pressure was adjusted to main-
tain 6 to 7L - m~2 . hr™" operating flux. We measured fluoride and chloride
concentrations using SPADNS fluoride concentration kit (Hach), conductivity
measurements, and Kohlrausch’s equation (S/ Appendix).

1. M. Mohapatra, S. Anand, B. K. Mishra, D. E. Giles, P. Singh, Review of fluoride removal
from drinking water. J. Environ. Manage. 91, 67-77 (2009).

2. J. Shen, A. Schafer, Removal of fluoride and uranium by nanofiltration and reverse
osmosis: A review. Chemosphere 117, 679-691 (2014).

3. A. Lhassani, M. Rumeau, D. Benjelloun, M. Pontie, Selective demineralization of water
by nanofiltration application to the defluorination of brackish water. Water Res. 35,
3260-3264 (2001).

4. D. S. Sholl, R. P. Lively, Seven chemical separations to change the world. Nature 532,
435-437 (2016).

5. A. Razmjou, M. Asadnia, E. Hosseini, A. Habibnejad Korayem, V. Chen, Design prin-
ciples of ion selective nanostructured membranes for the extraction of lithium ions.
Nat. Commun. 10, 5793 (2019).

. |. Sadeghi, P. Kaner, A. Asatekin, Controlling and expanding the selectivity of filtra-
tion membranes. Chem. Mater. 30, 7328-7354 (2018).

. R. Epsztein, R. M. DuChanois, C. L. Ritt, A. Noy, M. Elimelech, Towards single-species
selectivity of membranes with subnanometre pores. Nat. Nanotechnol. 15, 426-436
(2020).

. D. A. Doyle et al.,, The structure of the potassium channel: Molecular basis of K+
conduction and selectivity. Science 280, 69-77 (1998).

. |. Sadeghi, J. Kronenberg, A. Asatekin, Selective transport through membranes with
charged nanochannels formed by scalable self-assembly of random copolymer mi-
celles. ACS Nano 12, 95-108 (2018).

o

~

ed]

©

60f 7 | PNAS
https://doi.org/10.1073/pnas.2022198118

CI7/F~ permselectivity was calculated using equations relevant to each exper-
imental condition, classified into single-salt filtration (3, 42, 43), concentration-
driven diffusion (44, 48), mixed-salt filtration (3, 41, 43, 45, 46), and anion
exchange membranes operated under an applied electric field (47, 49) (ref-
erence SI Appendix for further details). CI7/F~ SF was defined as follows:

_100% — Rg-

SF=300% — R

[6]

Preparation of Cross-Linked Copolymer Films. Cross-linked copolymer films 30
to 300 pm in thickness were prepared by drying a 3 wt/vol% solution
of copolymer/trifluoroethanol on a glass plate. The films were soaked in a
3 wt/vol% solution of photoinitiator in isopropanol and exposed to UV light
for 20 min. Cross-linking was confirmed by attenuated total reflectance-
Fourier transform infrared spectroscopy performed on both sides of the UV-
cured films (S/ Appendix, Fig. S4).

Measurement of Parameters for MS Equations. Membrane weight fraction
(w,,) and water sorption coefficient (K,,) were determined by water uptake
measurements using cross-linked copolymer films (39) (S/ Appendix):

1

= 7

Wm =375 o [71
Wup

=" 8

" wup+/;—: 8l

Where w,, is water uptake, defined as the mass of absorbed water nor-
malized by the mass of dry polymer (S/ Appendix), p,, is the density of water,
and p,, is the estimated density of the dry polymer (1.29 glcm?, SI Appendix).
K was determined by measuring the moles of salt (n;) absorbed by polymer
films of known dry film mass (mq,) that were equilibrated with salt solutions
of known concentration (c; ;). We then fit nyw,,p/mqr, versus cy, with straight
lines of zero y-intercept and used the slope to calculate K,, assuming the
volumes of dry copolymer and water are additive and neglecting the effect
of salt on copolymer density (S/ Appendix):

Where p is the estimated density of the water-swollen polymer (1.17 g/cm?,
SI Appendix).

Data Availability. All study data are included in the article and/or S/ Appendix.
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