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This work describes a new approach for synthesizing extremely fouling-resistant, zwitterionic membranes with
controlled, tunable pore sizes that extend from ion separations (< 1 nm) to the ultrafiltration range (~2 nm). These
membranes are manufactured by the UV treatment of high zwitterion content amphiphilic copolymers with cross-
linkable functionality to stabilize the membrane selective layers, preventing excessive swelling and dissolution of
copolymers containing as high as 80 wt% zwitterionic repeat units. Zwitterion weight fraction allows the tuning

of membrane performance, with effective pore size and permeance both increasing with zwitterion content.
The high zwitterion content membranes were remarkably fouling-resistant and demonstrated a salt-responsive
behavior not previously observed with self-assembling zwitterionic copolymer membranes.

Membrane filtration is an efficient, scalable, and low-footprint sep-
aration technology. However, membrane fouling, defined as the un-
wanted accumulation feed components onto the membrane surface or
into the membrane pores, presents a critical challenge that severely lim-
its their use in many applications. (Bruggen and Vandecasteele, 2003,
Epsztein et al., 2020, Greenlee et al., 2009, Mauter et al., 2018,
Shannon et al., 2008, Sholl and Lively, 2016, Zhang et al., 2016)
Fouling leads to severe reductions in water permeability, necessitat-
ing expensive cleaning cycles, significantly limiting membrane life-
time, and oftentimes dominating the economic and technical feasibil-
ity for membrane systems. (Hurwitz et al., 2018, Esfahani et al., 2019,
Ward et al., 2021) Membrane surface functionalization with zwitteri-
ons (ZIs), defined as molecules containing an equal number of positive
and negative charges, (Maan et al., 2020, Laschewsky, 2014) through
grafting (Bhattacharya and Misra, 2004, Susanto and Ulbricht, 2007,
Shahkaramipour et al., 2017, Yang et al., 2011, Weinman et al., 2018)
or blending (Kaner et al., 2019, Kaner et al., 2017, Sun et al., 2006,
Zhao et al., 2013) can increase surface hydrophilicity and thus fouling
resistance. Nevertheless, state-of-the-art commercial membranes still
lack the fouling resistance needed to treat especially fouling-prone feed-
stocks.

Another important challenge is controlling the selectivity and effec-
tive pore size of membranes. (Epsztein et al., 2020, Sadeghi et al., 2018,
Zhang et al., 2018, Sujanani et al., 2020) Manufacturing processes for
most commercial membranes (e.g. non-solvent induced phase inversion,
interfacial polymerization) involve a complex array of competing mass
transfer processes along with phase separation and/or chemical reac-
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tions. (Sadeghi et al., 2018, Zhang et al., 2018, Guillen et al., 2011,
Dong et al., 2020) As a result, controlling selectivity remains a “black
art”, relying on careful and consistent tuning of many process criteria
during the manufacturing process.

Self-assembly of polymeric materials is a promising tool for ad-
dressing both of these challenges. (Sadeghi et al., 2018, Zhang et al.,
2018, Lang et al., 2021, Moon et al., 2020, Hoffman and Phillip, 2020,
Zhang et al., 2017) Well-designed self-assembly processes can offer bet-
ter control over both the surface chemistry and nano-scale pore struc-
ture. (Sadeghi et al., 2018, Sadeghi and Asatekin, 2019, Qu et al.,
2015, Zhang et al., 2021, Zhang et al., 2020, Dugas et al., 2020)
For example, exceptionally fouling-resistant thin film composite (TFC)
membranes have been prepared using random zwitterionic amphiphilic
copolymers (r-ZACs), defined as random copolymers of hydrophobic
and zwitterionic repeat units (Fig. 1). (Bengani et al., 2015, Bengani-
Lutz et al., 2017, Bengani-Lutz et al., 2017, Lounder and Asatekin, 2021,
Bengani-Lutz et al., 2019) Due to strong ZI-ZI interactions, r-ZACs can
self-assemble to form zwitterionic nanochannels surrounded by a hy-
drophobic nanodomain. The hydrated zwitterionic nanochannels are
permeable to water and solutes less than ~1.5 nm in hydrated diam-
eter, the membrane size cut-off. This size-based selectivity is nearly
universal for all r-ZAC membranes and shows little variation with ZI
chemistry, (Bengani-Lutz et al., 2017) hydrophobic monomer chem-
istry, (Bengani et al., 2015) and ZI content (~30-50 wt%, up to sol-
ubility limit). (Bengani et al., 2015) Therefore, while the scalability
and exceptional fouling resistance of r-ZAC membranes makes them
attractive for numerous industrial wastewater treatment applications,
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Fig. 1. (a) Chemical structure of the cross-linkable r-ZAC (x-ZAC) used in this work. The cross-linkable group is circled in pink. Photographs show x-ZAC films
of varying composition swollen in water. Higher ZI content films were more flexible when swollen. (b) Schematic showing the fouling-resistant TFC membranes
prepared using high ZI content x-ZACs. Copolymer cross-linking stabilized the x-ZAC selective layers in water. Increased permeance and effective pore size resulted

from extensive water sorption that swelled the ZI domains.

novel approaches that tune membrane selectivity are required to access
a broader range of separations.

Recently, we developed membranes with r-ZACs featuring cross-
linkable functional groups (x-ZACs), and showed that cross-linking of
the x-ZAC selective layer leads to controllable reductions in effective
pore size. (Lounder and Asatekin, 2021, Lounder and Asatekin, 2021)
The most highly cross-linked membranes had pore sizes as low
as 0.9 nm, exhibiting exceptional interaction-based ion selectivity
(Lounder and Asatekin, 2021) while maintaining excellent fouling resis-
tance. (Lounder and Asatekin, 2021) However, the range of pore sizes
accessible by this method was limited to the 0.9-1.4 nm range. The
permeances of these membranes were also quite low, often below 1 L
m~2hr~1bar~!. There remains a need for broadening the separations ac-
cessible by x-ZAC membranes by increasing the upper-limit for effective
pore size, and for improving the water permeance overall.

In this work, we address these two challenges through the cross-
linking of x-ZACs containing as much as ~80 wt% ZI repeat units. While
these high ZI content copolymers would normally be too hydrophilic
to form water-stable TFC membranes, photo-cross-linking allowed the
facile preparation of membranes with higher effective pore sizes, higher
permeances, and further enhanced fouling resistance (Fig. 1). Further-
more, the high ZI content x-ZAC membranes exhibit ionic strength re-
sponsive behavior not previously observed with r-ZAC membranes of
lower ZI fractions.

To synthesize the x-ZACs, we copolymerized allyl methacrylate
(AMA) and sulfobetaine methacrylate (SBMA) via Activators ReGen-
erated by Electron Transfer Atom Transfer Radical Polymerization
(ARGET-ATRP). The AMA allyl groups are not activated during copoly-
merization due to lower reactivity compared to the methacrylate groups,
as demonstrated via  H-NMR spectroscopy (Fig. S1) and as seen in previ-
ous work. (Lounder and Asatekin, 2021) The allyl groups enabled cross-
linking of the copolymer after membrane fabrication (Fig. 1; see Sup-
porting Information for detailed experimental methods). AMA:SBMA
monomer ratios were varied to synthesize one x-ZAC of intermediate
ZI fraction (P-47) and two x-ZACs of high ZI fraction (P-72 and P-80),
with the identifying number corresponding to the wt% ZI determined by
'H-NMR (Fig. 1a, Fig. S1). P-72 and P-80 were expected to self-assemble
form a network of ZI-rich nanodomains, similar to lower ZI content r-
ZACs (Fig. 1b). (Bengani et al., 2015, Bengani-Lutz et al., 2017, Bengani-
Lutz et al., 2017, Lounder and Asatekin, 2021, Bengani-Lutz et al., 2019,
Lounder and Asatekin, 2021)

We characterized copolymer microphase separation using differen-
tial scanning calorimetry (DSC, Fig. 2). Microphase separated copoly-
mers typically exhibit separate glass transition temperatures (Tgs) for
each phase. (Mai and Eisenberg, 2012, Christie et al., 2018) However,
due to the random copolymer architecture with short hydrophobic seg-
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Fig. 2. (a) Differential scanning calorimetry (DSC) thermograms for P-47, P-
72, and P-80. The glass transition temperatures (Tgs) are indicated with arrows.
(b) Experimentally determined copolymer T,s and Fox equation predictions vs.
copolymer composition.

ments, the thermal relaxation of r-ZAC/x-ZAC hydrophobic domains
can be suppressed until the zwitterionic groups are mobile. (Bengani-
Lutz et al., 2017, Lounder and Asatekin, 2021, Ehrmann et al., 1992)
Therefore, microphase separated r-ZACs possess Tgs significantly greater
than the expected T,s for homogeneously mixed copolymers, calculated
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Fig. 3. (a-c) Cross-sectional FESEM images for (a) P-47, (b) P-72, and (c) P-80 TFC membranes. (d) Schematic illustration of copolymer cross-linking. UV light
activates the radical initiator, which then cross-links the x-ZAC selective layer through radical polymerization of the AMA repeat units. (¢) ATR-FTIR spectra for
as-cast and UV-treated TFC membranes. The characteristic allyl peak (Vardareli et al., 2008) is indicated by the dashed red box. (f) Water uptake vs. copolymer

composition for cross-linked copolymer films.

by the Fox equation (Eq. S1). This was observed for P-47 and P-72, im-
plying the formation of ZI-rich nanodomains. (Bengani-Lutz et al., 2017,
Lounder and Asatekin, 2021, Ehrmann et al., 1992) The T, of P-80 also
exceeded the Fox equation prediction, although less than P-47 and P-
72. While this possibly suggests less extensive phase separation, there is
limited research involving r-ZACs of such high ZI fraction.

We prepared TFC membranes by rod-coating 3 wt/v% solutions
of P(AMA-r-SBMA) in trifluoroethanol (TFE) onto a porous ultrafiltra-
tion membrane support (PS35, Solecta). TFE was selected because it
is a good solvent for poly(zwitterions) and zwitterionic copolymers.
(Laschewsky, 2014) We then used a heat gun to blow hot air across
the membrane surface and rapidly evaporate the solvent. This method
is simple and compatible with existing large-scale manufacturing tech-
nologies. (Lounder and Asatekin, 2021, Lounder and Asatekin, 2021)
The resultant TFC membranes had thin (~300 — 600 nm) selective
layers, as indicated by field emission scanning electron microscopy
(FESEM) cross-sectional images (Fig. 3a-c). Previous P-47 membranes
(Lounder and Asatekin, 2021, Lounder and Asatekin, 2021) had selec-
tive layer thicknesses of 440 + 152 nm, suggesting that all three TFC
membranes might have similar selective layer thicknesses due to the
similar casting method.

To perform cross-linking, we equilibrated copolymer films or TFC
membranes with a 3 w/v% solution of the photo-initiator (2-hydroxy-
2-methylpropiophenone) in isopropanol and then shined UV light for
20 minutes (Fig. S2). (Lounder and Asatekin, 2021, Lounder and
Asatekin, 2021) This initiated radical polymerization to cross-link the
AMA units (Fig. 3d). Cross-linked P-47, P-72, and P-80 are identi-
fied as P-47X, P-72X, and P-80X, respectively. The covalent cross-links
limited aqueous swelling of the copolymers in water. (Lounder and
Asatekin, 2021) Cross-linking was essential to prevent instability
through solvation or excessive swelling of the extremely hydrophilic P-
72 and P-80 membranes (Fig. S3-S5).

We characterized the cross-linking chemistry using attenuated to-
tal reflectance Fourier transform infrared spectroscopy (ATR-FTIR).
The intensity of the allyl peak region (980-930 cm~1) decreased upon

cross-linking (Fig. 3e), corresponding to conversion of the allyl groups.
(Vardareli et al., 2008) We performed peak integration with consistently
selected baselines to roughly calculate the fraction of cross-linked allyl
groups, estimating 25%, 18%, and 15% for P-47X, P-72X, and P-80X, re-
spectively (Fig. S6). Since a higher fraction of cross-linked AMA groups
corresponded to copolymers of higher AMA content, the total mole frac-
tion of cross-linked monomers decreased significantly with increasing ZI
content.

We next measured the water uptake of P-47X P-72X, and P-80X
cross-linked films (Fig. 3f). Water uptake increased drastically with ZI
fraction, likely due to greater hydrophilicity and lower degree of cross-
linking. P-72X and P-80X demonstrated water uptakes of 129% and
288%, respectively, ~3-7 times greater than that of previous un-cross-
linked r-ZACs. (Bengani et al., 2015) The high ZI content x-ZAC selec-
tive layers were likely soft compared to previous r-ZACs due to high
water uptake. Nonetheless, ZI nanochannel compaction is not antici-
pated since nanochannels are not formed by empty, collapsible pores,
but hydrated zwitterions. These sorption characteristics likely extend to
other hydrophilic species (e.g. ionic liquids). This suggests that high ZI
content x-ZACs could be used for applications beyond membrane filtra-
tion such as designing solid-state devices for electrical energy storage.
(Taylor et al., 2020, Clark et al., 2020, Lind et al., 2016, Brown et al.,
2010)

We investigated the effect of ZI fraction on membrane perfor-
mance using dead-end filtration experiments. Effective membrane pore
size was determined by filtering a series of neutral solutes at 7 L
m~2 hr! operating flux and fitting rejection data to the Donnan
Steric Pore Model (Lounder and Asatekin, 2021, Bowen and Moham-
mad, 1998, Hatakeyama et al., 2011) (Fig. 4a, Table S3). Cross-linked
P-47X and un-cross-linked P-47 demonstrated pore sizes of 0.9 nm and
1.4 nm, respectively, representing the previously accessible selectivity
range for PCAMA-r-SBMA) membranes cross-linked to varying degrees.
(Lounder and Asatekin, 2021) The P-72X and P-80X membranes had
effective pore sizes of 1.5 and 1.8 nm, respectively, well outside this
previous range. These pore sizes are smaller than those of typical cross-
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Fig. 4. (a) Rejection of neutral solutes vs. Stokes diameter, and best fit to the Donnan Steric Pore Model (solid lines). In order of decreasing size, the solutes were
vitamin B12, a-cyclodextrin, raffinose, sucrose, glucose, xylose, and glycerol. The previous pore size range accessible with P(AMA-r-SBMA) membranes (Lounder and
Asatekin, 2021) is highlighted in pink. (b) Membrane pure water permeance vs. copolymer composition. (c) Fouling of three x-ZAC membranes and a commercial
nanofiltration membrane (NP030) with a protein solution (1000 ppm BSA/ 10 mM CaCl,, pH 6.3). Flux (J) normalized by initial flux while filtering the background
electrolyte solution (J,=10 Lm~2hr1) is shown over time while filtering the foulant solution and then after a gentle rinse. (d) Schematic illustration of the anti-
polyelectrolyte effect. ZI-ZI complexes are broken by competing ZI-ion complexes, leading to increased zwitterionic domain swelling. (e-f) Membrane permeance in
the presence of salt solutions (Lp) normalized by the pure water permeance (Lp’ o) for (e) NaClO, and (f) NaCl at varying concentrations.

linked hydrogels, (Axpe et al., 2019, Le et al., 2017, Xiao et al., 2021,
Quilitzsch et al., 2016, Sadeghi et al., 2018) accessed here through the
high ZI content copolymer chemistry. In previous r-ZAC membranes
containing 30-50 wt% ZI, pore size was independent of ZI content, likely
due to the percolated, rigid and bicontinuous hydrophobic domain that
constrains swelling. (Bengani et al., 2015) Somewhere between 50-72
wt% ZI, the hydrophobic domains likely lose this percolation, allowing
greater expansion of the ZI domains in water, consistent with the ex-
tensive water uptake (Fig. 3f). As a result, high ZI content x-ZACs can
be used to access new separations. For example, the low glucose and
sucrose retention by the P-80X membranes suggest they could be used
for ultrafiltration applications such as the separation of proteins from
mono-/ disaccharides, (Galanakis et al., 2014) not possible with the P-
47 and P-47X membranes. High ZI x-ZACs with shorter cross-linking
times can potentially access even larger effective pore sizes.

For r-ZAC membranes with 30-50 wt% ZI units, permeance increases
in direct proportion with ZI weight fraction as higher ZI content in-
creases the number of equally sized nanochannels. (Bengani et al., 2015)
Permeance increased much more dramatically with ZI fraction for the
high ZI content x-ZAC membranes, however, likely due to the simultane-
ous increase in both the size and the interconnectivity of the ZI domains
(Fig. 4b). Hydraulic water permeability, a thickness-normalized metric,
increased even more dramatically with ZI content (Fig. S7, Table S4).
This was because hydrated selective layer thickness also increased with
ZI content due to greater water uptake (Fig. 3f).

To quantify the resistance of these highly hydrophilic x-ZAC mem-
branes to fouling, we challenged the P-47X, P-72X, and P-80X mem-
branes with a model foulant solution comprising 1000 ppm bovine
serum albumin (BSA) in 10 mM CacCl, at pH 6.3 (Fig. 4c). P-47X mem-
branes demonstrated excellent fouling resistance, particularly compared
with the commercial nanofiltration membrane NP030, retaining ~95%
of its flux during foulant filtration. This ~5% loss in permeance was
not recovered after a gentle rinse. The P-72X and P-80X membranes, in
contrast, demonstrated no loss in flux at any point during the fouling ex-

periment. This is likely due to greater concentration of ZI groups on the
selective layer surface, leading to increased hydrophilicity. We also ex-
amined membrane stability after 24 hours of exposure to buffers ranging
pH 3-11 (Fig. S8). ATR-FTIR spectra indicated no change to the carbonyl
bond chemistry, confirming that ester hydrolysis (Schonemann et al.,
2018) did not occur.

In deionized water, ZI polymers form ZI-ZI complexes. These are
broken in the presence of salt ions that shield their interactions. This
phenomenon, termed the anti-polyelectrolyte effect, results in increased
swelling and solubility of ZI polymers or domains at higher ionic
strength (Fig. 4d). (Schlenoff, 2014, Wang et al., 2013) This ionic
strength response has been observed in some membranes that fea-
ture zwitterionic polymer brushes. (Kaner et al., 2019, Birkner and Ul-
bricht, 2015, Zhao et al., 2016, Zhai et al., 2003) We have not observed
salt responsive behavior for ZAC-based membranes with <50 wt% ZI
groups in a preliminary study, (Kou, 2016) however, likely because
the fully percolated hydrophobic domain serves as a rigid framework
that prevents the ZI domain from swelling. To determine if the cross-
linked x-ZAC membranes exhibit salt-responsiveness through the anti-
polyelectrolyte effect, we measured membrane permeance while filter-
ing aqueous solutions of NaClO, (Fig. 4e) and NaCl (Fig. 4f) at varying
concentrations. NaClO, increases swelling of grafted P(SBMA) chains to
a greater extent than NaCl, (Lounder and Asatekin, 2021, Wang et al.,
2013) and is thus expected to cause a stronger response.

Neither salt led to increased permeance for the P-47X membranes,
likely because the ZI domains were arrested by the fully percolated/
cross-linked hydrophobic domain. (Lounder and Asatekin, 2021) In-
terestingly, we observed a slight (~4%) permeance decrease in the
presence of NaClO,. P-47X absorbs NaClO, extensively, (Lounder and
Asatekin, 2021) so it is possible that the salt ions occupied space in the
zwitterionic nanochannels and reduced their effective size and perme-
ability. (Dischinger et al., 2017)

In contrast, the permeances of the high ZI content P-72X and P-80X
membranes increased with increasing NaClO, concentration (Fig. 4e),
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as vitamin B12 rejection also decreased (Fig. S9). These changes were
fully reversible, with the membranes recovering initial permeance (Fig.
S4) and selectivity (Fig. S5) after returning to DIW. This suggests that
NaClO, solutions further swell the ZI channels, leading to increased
permeance and pore size. This reflects greater mobility of the ZI do-
mains compared to previous ZAC-based membranes with <50 wt% ZI.
(Bengani et al., 2015, Bengani-Lutz et al., 2017, Bengani-Lutz et al.,
2017, Lounder and Asatekin, 2021, Lounder and Asatekin, 2021) The
P-80X membranes showed a greater permeance increase than the P-
72X membranes due to their greater ZI fraction and lower confinement
by AMA domains. Similar permeance trends were observed for P-72X
and P-80X membranes in the presence of NaCl (Fig. 4f), although per-
meance increased less significantly with NaCl than NaClO,, consistent
with relative interaction strengths of SBMA with each ion. (Lounder and
Asatekin, 2021, Wang et al., 2013) Permeance also increased slightly
while filtering the background electrolyte solution (CaCly,q)) during
the fouling experiment (Table S5). This was likely accompanied by a
very slight increase in effective pore size, although BSA rejection is still
expected to be ~100% due to its large size. (Axelsson, 1978)

This study demonstrates a new approach for synthesizing extremely
fouling-resistant, zwitterionic membranes with controlled, tunable pore
sizes that extend from ion separations (<1 nm) to the ultrafiltration
range (~2 nm). This is achieved by the cross-linking of specially de-
signed x-ZACs that contain a high fraction of ZI monomers, otherwise
unusable in membrane manufacture due to their solubility in water. We
found that membrane pore size and permeance increased with ZI frac-
tion, and that the high ZI content membranes demonstrated exceptional
resistance to protein fouling. Interestingly, the high ZI content mem-
branes also demonstrated a salt-responsive behavior driven by the anti-
polyelectrolyte effect. These new findings can be further extended to
even higher effective pore sizes by changing cross-linking times or by
utilizing alternative cross-linking schemes. Coupled with ionic strength
responsive behavior, the effective pore size can be tuned over a broad
range, accessing separations in the ultrafiltration range, including chal-
lenging protein separations.
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