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ABSTRACT: New polymer chemistries are urgently needed to develop
nanofiltration (NF) membranes with improved fouling and chlorine resistance.
This work introduces charged zwitterionic amphiphilic copolymers (CZACs),
self-assembling terpolymers that spontaneously form a network of ~1—2 nm
hydrophilic nanochannels composed of zwitterionic and acidic/ ionizable building
blocks. We leverage CZAC self-assembly to develop membrane filters with
anionic nanopores, thereby enabling enhanced salt rejection through Donnan
exclusion (R(Na,SO,) = 93.6% at S mM). The CZAC membranes demonstrate
hydraulic permeability comparable to commercial nanofiltration membranes
(0.86 — 2.3 L yum m~> h™" bar™"), exceptional fouling resistance, and a high level
of chlorine tolerance (32 000 ppm-h), addressing key performance limitations of
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1. INTRODUCTION

The development of advanced water treatment technologies is
crucial for addressing environmental stresses and water
scarcity.' > Membranes represent a low footprint and effective
option for water treatment, finding utility within the municipal,
industrial, and commercial areas."””*~” Reverse osmosis (RO)
membranes, for instance, enable the production of safe
drinking water for communities with limited access to potable
water sources.”*>® Nanofiltration (NF) membranes, defined
by an effective pore size of ~ 1 nm, can be used to remove
divalent salts from water and wastewater streams in
applications such as water softening”'® and sulfate removal
for oil recovery.”""

Most commercial RO and NF membranes are thin film
composites (TFCs) featuring cross-linked polyamide selective
layers (PA-TFCs)."” Having been in commercial use for
decades, PA-TFCs are well-optimized and offer reasonably
high water permeability along with the desired divalent salt
rejection.’” However, polyamide selective layers also come
with significant limitations inherent to their chemical structure.
For instance, polyamide offers low resistance to fouling,"*
defined by undesired adsorption and accumulation of feed
components on the membrane surface or in the membrane
pores. Membrane fouling can have a detrimental effect on
membrane performance, substantially limiting water perme-
ance/ membrane lifetime and necessitating chemical treatment
for its reversal."*~>' Additionally, polyamide is sensitive to
chlorine degradation.”'>**™** This prevents the use of
hypochlorite for biofouling management, necessitating com-
plex staged treatment and/or alternative oxidizing agents.”'>**
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While several groups have attempted to mitigate these issues
through surface functionalization and/or by modifying the
monomers used to form the polyamide selective layer,"*>~*
the development of new polymer chemistries with inherent
fouling and chlorine resistance would offer a simple and more
sustainable solution. Membranes derived from polyelectrolyte
multilayers (PEMs) represent one example of this (e.g., Pentair
X-Flow HFW 1000°%*%), although PEM membranes typically
suffer the drawbacks of complex manufacturing® and low
stability in high ionic strength solutions.”"

Random zwitterionic amphiphilic copolymers (r-ZACs) are
random/statistical copolymers of hydrophobic and zwitterionic
building blocks. Due to favorable interactions between
neighboring zwitterions, r-ZACs can self-assemble to form a
bicontinuous network featuring zwitterionic nanochannels
surrounded by a hydrophobic nanodomain.**~* The zwitter-
ionic nanochannels permeate water and small solutes, while the
hydrophobic nanodomain acts as the pore wall.

Our group prepared the first generation of r-ZAC membrane
filters by coating an ~1 pm-thick copolymer layer onto a
porous support.' *>*” The effective pore size of these
membranes was ~1—2 nm, corresponding to an ~1000 g/
mol molecular weight cutoff and relatively low salt
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retention.”®”” Due to the hydrophilicity of the zwitterionic
nanochannels, the r-ZAC membranes exhibited exceptional
fouling resistance, suffering no irreversible loss in flux when
challenged with model proteins, organic biomacromolecules,
and oil emulsions.">***” These r-ZAC membranes were also
stable upon chlorine treatment,” allowing the use of
hypochlorite for facile management of biofouling. However,
these r-ZAC membranes also exhibited relatively low salt
rejection due to the ~1—2 nm pore size combined with the
overall neutral chemistry of the membrane selective layer.'**°
More recently, we have developed a cross-linking approach to
limit the aqueous swelling of the zwitterionic nanochan-
nels.”®*? This allowed for controllable reductions in membrane
pore size, down to an effective pore size of < 1.0 nm, while
retaining the excellent fouling resistance of previous r-ZACs.
However, the most highly cross-linked samples exhibit
significant ion selectivity, cross-linking also reduces the
permeance to quite low values. Therefore, there is a need for
novel r-ZACs that combine the fouling and chlorine resistance
offered by this chemical approach with rejection profiles that
mirror commercial NF membranes in applications such as
water softening” and sulfate removal for oil recovery”'" while
retaining commercially relevant permeances. Furthermore,
expansion of available r-ZAC chemistries can potentially
enable new self-assembled pore functionalities for develofing
membrane filters with advanced and targeted selectivity.’

In this work, we develop membranes that combine NF-type
selectivity with fouling and chlorine resistance by modifying
the r-ZAC polymer family to improve salt rejection. For this
purpose, we synthesized the first charged zwitterionic
amphiphilic copolymers (CZACs), random/statistical terpol-
ymers combining hydrophobic, zwitterionic, and acidic,
ionizable building blocks. Similar to r-ZACs, we show that
CZAC:s self-assemble to form a bicontinuous network featuring
1-2 nm hydrophilic nanochannels comprised mostly of the
zwitterionic and ionizable repeat units, surrounded by
hydrophobic nanodomains. We demonstrate that CZACs
and r-ZACs function analogously as membrane selective
layers, permeating water and other solutes through the
hydrophilic nanochannels. We show that while CZAC and r-
ZAC membranes possess equal nanochannel diameter, CZAC
nanochannels are negatively charged due to the deprotonation
of the acidic repeat unit. This enhances the rejection of salts
through Donnan exclusion. We model the rejection properties
of these membranes using the Donnan Steric Pore Model
(DSPM),***! and we discuss mechanisms of rejection as well
as potential applications. Due to the presence of zwitterionic
groups, CZAC membranes are highly resistant to fouling by
proteins and organic macromolecules. This polymer chemistry
also enables high chlorine resistance, with negligible changes in
performance upon exposure to chlorine (32 000 ppm-h). While
this first report demonstrates the use of CZACs as NF
membrane selective layers, we expect further modification and
optimization of polymer chemistry and coating processes will
lead to further enhanced performance and better control over
selectivity to enable their use in additional applications.

2. EXPERIMENTAL SECTION

2.1. Copolymer Synthesis. All copolymers were synthesized by
free radical polymerization (FRP). Copolymer composition was
determined 'H NMR spectroscopy (DMSO-d, 500 MHz, Figure S1).

2.1.1. Synthesis of P(TFEMA-r-SBMA) 60:40 (ZAC-0). First,
sulfobetaine methacrylate (SBMA, 12.0 g), LiCl (0.3 g), and dimethyl

sulfoxide (DMSO, 240 mL) were added to a 500 mL round-bottom
(RB) flask. The temperature was then raised to 70 °C for 1 h to aid in
dissolving the zwitterionic monomer and afterward returned to room
temperature. We then added trifluoroethyl methacrylate (TFEMA,
18.0 g) and azobisisobutyronitrile (AIBN, 30 mg) to the RB flask.
Next, the flask was sealed with a rubber septum, purged with nitrogen
for 20 min, and placed in a 70 °C oil bath with stirring. After 20 h, the
reaction was terminated by exposure to air and addition of 4-methoxy
phenol (MEHQ, 1.5 g). To precipitate the copolymer, we poured the
solution into 2400 mL of 1:1 ethanol:hexane. The copolymer was
then cut into small pieces and washed three times in 1:1
ethanol:hexane. After several days of air drying, the copolymer was
dried under vacuum at 50 °C for 24 h. The yield was approximately
60%.

2.1.2. Synthesis of P(TFEMA-r-SBMA-r-MAA) 60—28—12 (CZAC-
1). First, SBMA (2.61 g), LiCl (0.090 g), and DMSO (80 mL) were
added to a 250 mL RB flask. The temperature was then raised to 70
°C to aid in dissolving the zwitterionic monomer and afterward
returned to room temperature. We then added TFEMA (5.49 g),
methacrylic acid (MAA, 1.11 g), and AIBN (11 mg) to the RB flask.
Next, the flask was sealed with a rubber septum, purged with nitrogen
for 20 min, and placed in a 70 °C oil bath with stirring. After 20 h, the
reaction was terminated by exposure to air and addition of MEHQ_
(0.5 g). To precipitate the terpolymer, we poured the solution into
800 mL of 1:1 ethanol:hexane. The terpolymer was then cut into
small pieces and washed two times in 1:1 ethanol:hexane. After
several days of air drying, the terpolymer was dried under vacuum at
50 °C for over 24 h. The yield was 38%.

2.1.3. Synthesis of P(TFEMA-r-SBMA-r-MAA) 53—-28—19 (CZAC-
2). First, SBMA (2.80 g), LiCl (0.10 g), and DMSO (90 mL) were
added to a 250 mL RB flask. The temperature was then raised to 70
°C to aid in dissolving the zwitterionic monomer and afterward
returned to room temperature. We then added TFEMA (5.30 g),
MAA (1.90 g), and AIBN (9.8 mg) to the RB flask. Next, the flask was
sealed with a rubber septum, purged with nitrogen for 20 min, and
placed in a 70 °C oil bath with stirring. After 20 h, the reaction was
terminated by exposure to air and the addition of MEHQ (0.7 g). To
precipitate the terpolymer, we poured the solution into 900 mL of 1:1
ethanol:hexane. The terpolymer was then cut into small pieces and
washed three times in 1:1 ethanol:hexane. After several days of air
drying, the terpolymer was dried under vacuum at S0 °C for over 24
h. The yield was 60%.

2.2. Differential Scanning Calorimetry (DSC). To characterize
terpolymer self-assembly, we performed temperature modulated DSC
(TMDSC) using a TA Q100 series calorimeter (TA Instruments)
equipped with a refrigerated cooling system and purged with nitrogen
at S0 mL/ min. We sealed 3—6 mg of terpolymer in an aluminum
DSC pan for each experiment. In the instrument, we equilibrated each
sample at 120 °C for 15 min to condition the samples. For each
modulated thermal cycle, temperature was increased by heating from
—80 to +230 °C at 3 °C/ min while modulating + 1.5 °C/ min. We
cooled to —80 °C at the end of the first modulated ramp and to 25 °C
at the end of the second modulated ramp. The glass transition
temperature (T,) was taken as the midpoint of the baseline shift from
the second run.

We used the Fox equation to calculate the T, predicted for the
terpolymer as a homogeneously mixed single phase:>’

-1
WpTFEMA

Wy w;
PSBMA PMAA
T = +

g, Fox

’I:g,PTFEMA Tg,PSBMA Tg,PMAA ( 1 )

Here w; and Tj; are the weight fraction and homopolymer T, of
comgonent i, respectively. The homopolymer T,s were Ty prppya = 84
°C,” Typspua = 220 °C,” and Typyus = 230 °C.*

2.3. Membrane Fabrication. Copolymers were first dissolved in
trifluoroethanol to prepare 10 w/v% solutions. The solutions were
then passed through a 1.2 ym syringe filter, degassed at 50 °C, and
cooled to room temperature. We then coated the copolymer solutions
onto a commercial PES ultrafiltration membrane (UESO, Trisep)
using a wire wound rod (#6, Gardco). The coated membranes were
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Figure 1. (a) Synthesis scheme for the CZAC used in this study, P(TFEMA-r-SBMA-r-MAA), via free radical polymerization (FRP). (b)
Composition of the studied copolymers. CZAC-1 and CZAC-2 were CZAC:s of varying MAA content, while ZAC-0 was a neutral r-ZAC used as a

control.

left undisturbed for ~ 10 s and then plunged into a nonsolvent bath of
IPA for 20 min. Membranes were then transferred to distilled water
for at least 12 h prior to further testing.

2.4. Characterization of Membrane Morphology. We
performed scanning electron microscopy (SEM) to characterize the
membrane layer morphology. To prepare the samples, membrane
sections were freeze-fractured and sputter-coated with gold—
palladium. SEM images of the membrane cross-section were obtained
using a Phenom G2 pure tabletop SEM at a 5 kV setting with 19 000X
magnification.

2.5. Filtration Tests and Donnan Steric Pore Model (DSPM).
Filtration experiments were performed using 10 mL Amicon 8010
stirred cells in dead-end mode. The membrane disk area was 4.1 cm?.
The pressure was 50 psi unless otherwise specified. The feed solutions
had a consistent pH of 5.5, except for those where we reduced the pH
by pipetting small volumes of H,5S0,(q. To measure membrane
permeance, we tracked permeate flux (J,,) at a known pressure (AP)
using Ohaus Scout Pro scales linked with a computer. Permeance
(Lp) was determined by:

I,
AP (2)

When appropriate, we accounted for osmotic pressure (eq S2).
Hydraulic permeability (P,y) of each membrane selective layer,
defined as water flux (J,) normalized by the driving force for water
permeation (AP/5), was calculated using

16

By= " =Ly
T ap P ©)

p =

where § is the thickness of the membrane selective layer. To measure
rejection, we loaded 10.0 mL of solution into the filtration cells,
filtered 1.5 mL, and then collected an additional 0.7 mL of permeate
for analysis. Rejection (R) was determined by

R=|1- =21{100%
Cr 4)

where Cp and Cp are the feed and permeate concentrations,
respectively. Equation 4 does not account for concentration
polarization, which was shown to be negligible (Supporting
Information). The rejection of neutral solutes and salts was modeled
using the DSPM.***' We followed the approach laid out by
Bowen,'”*' although we calculated the hindered diffusive and
convective transport using Deen’s hydrodynamic theory® (Support-
ing Information). This continuum model treats the membrane as an
array of cylinders of diameter D, and anionic charge density y. Each
solute is treated as a sphere with a diameter equal to its Stokes radius.
To model membrane performance using the DSPM, we used
Mathcad Prime to numerically solve rejection as a function of D, y,
and solute parameters (Supporting Information). To determine D,

we filtered solutions of glucose (300 ppm), maltose (300 ppm), a-
cyclodextrin (300 ppm), f-cyclodextrin (300 ppm), and vitamin B12
(100 ppm) and used an R® minimization algorithm to fit the pore
diameter that best predicted rejection (Supporting Information). To
model salt rejection, we filtered Na,SO,, Li,SO,, CaSO,, MgSO,,
NaCl, and LiCl at feed concentrations of 1 mM and S mM and used a
similar R* minimization algorithm to fit the anionic charge density
that best predicted salt rejection at a given feed concentration
(Supporting Information).

2.6. Fouling Studies. Fouling tests were performed using the
same dead-end filtration setup described above. To determine protein
fouling resistance, we used 1000 ppm solutions of bovine serum
albumin (BSA) with 10 mM CaCl, (pH 6.3). A 10 mM CaCl,
solution was selected as the background solution to enhance fouling
propensity To determine organic fouling resistance, we used
solutions of humic acid and sodium alginate (1000 ppm each). We
reduced the pH to 4.5 using HCl,y) to enhance fouling propensity.*

The CZAC TFC membrane fouling experiments were performed at
50 psi operating pressure. For a given test, we first determined the
initial flux (J,) of the CZAC membranes using the corresponding
background solution of the fouling mixture. We measured J, = 5.4 L
m2h™'and J, = 8.1 L m > h™! for the protein and organic fouling
experiments, respectively. We then charged the filtration cell with the
fouling solution and filtered the foulant for either 24 or 20 h. During
the fouling period, we tracked flux (J) vs time. As permeate passed
through the membrane, the depleted volume of fouling solution was
replenished with fresh fouling solution by attaching the cell to a
pressurized dispensing vessel containing the foulant. At the end of the
fouling period, we emptied the cells and gently rinsed with the
background solution before measuring the final flux. We repeated
identical fouling experiments using commercial NF membranes as
controls, except that we adjusted the pressure to result in the same
initial flux that was measured for the CZAC membranes.

2.7. Chlorine Tolerance. For accelerated chlorine exposure, we
immersed membrane disks in a 2,000 ppm solution of sodium
hypochlorite for 16 h (32 000 ppm-h chlorine exposure). The pH was
adjusted to 4.5 using HCI to ensure that hypochlorous acid was the
active chlorine species.”> To verify that chlorine levels remained
constant, we measured the concentration of 500X dilutions of the
chlorine solution before and after the treatment using chlorine test
strips (0 — 10 mg/L range, Aquachek).

To determine the effect of chlorine exposure on membrane
performance, we compared rejection of S mM Na,SO, (R(Na,SO,))
and permeance (L,) before and after chlorine treatment. Membrane
permeance after chlorine treatment (L, Afm) was normalized by the
initial permeance before chlorine treatment (Lj Befm)

To determine the effect of chlorine exposure on terpolymer bond
chemistry, we performed attenuated total reflectance Fourier
transform infared (ATR-FTIR) spectroscopy using an FT/IR-6200
spectrophotometer (JASCO Corp) equipped with a ZnSe crystal
(4000—-600 cm™, 4 cm™ resolution, 32 scans). We compared the
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Scheme 1. (a) Polymer Architecture/Chemistry of the Charged Zwitterionic Amphiphilic Copolymer (CZAC) Used in This
Study, P(TFEMA-r-SBMA-r-MAA), and (b) Schematic Showing the CZAC Nanostructure”
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“The terpolymer self-assembles to form hydrophilic nanochannels (blue) surrounded by the hydrophobic nanodomain (red). Zwitterions and
deprotonated acidic groups partition into the hydrophilic nanochannels. The negative charge of the carboxylate groups enhances salt rejection by
the Donnan exclusion mechanism, and the hydrophilicity of the zwitterions grants excellent fouling resistance. Due to stable bond chemistry, the
CZAC TFC membranes are also tolerant to chlorine exposure.

Table 1. Reaction Mixture Compositions, Copolymer Physical Properties, and Properties of the Prepared Membranes

criteria ZAC-0 CZAC-1 CZAC-2
reaction mixture composition (wt %) TFEMA: 60 TFEMA: 60 TFEMA: 53
SBMA:40 SBMA: 28 SBMA: 28
MAA: 12 MAA: 19
composition of copolymer product (wt %) TFEMA: 64 TFEMA: 61 TFEMA: 52
SBMA: 36 SBMA: 32 SBMA: 35
MAA MAA: 7.0 MAA: 13
polymer yield (%) 60 38 60
experimental T, (°C) 173“ 165 175
Fox equation T, (°C) 129" 127° 139"
permeance (Lp, L m™ h™! bar™") 141 + 0.23¢ 1.66 + 0.18° 223 + 0.44°
thickness (8, um) 0.61 + 0.07° 0.62 + 0.03° 1.03 + 0.14°
hydraulic permeability (P, ;;, L gm m™2 h™" bar™') 0.86 + 0.17¢ 1.02 + 0.127 229 + 0.55¢

“Reported by ref 37. “Calculated using eq 1. “Uncertainty (g1, or €5) reported as the 95% confidence interval calculated using multiple
measurements. dUncertainty (epyp) calculated using propagations of error analysis:* ep, = [(Lp* £5)% + (5*8Lp)2)]0'5.

ATR-FTIR spectra of as cast and chlorine-treated terpolymer films.
We defined the average intensity ranging from 1950—1850 cm™" as
the baseline and normalized the spectra using the height of the
carbonyl peak (1740 — 1737 em™).””*® The terpolymer films were
prepared by aerially drying a 10 w/v% solution of terpolymer/
trifluoroethanol in a Teflon dish.

remaining weight fraction (64 — 52 wt %). CZAC-2 had
almost twice the MAA content as CZAC-1.

For all three copolymers, the final copolymer composition
was similar to the initial composition of the reaction mixture
(Table 1). This suggests a near-random repeat unit sequence,
consistent with the polymer architecture of previously
investigated self-assembling r-ZACs.'>**™*° This result was

3. RESULTS AND DISCUSSION unsurprising for the CZAC-1 and CZAC-2 terpolymers,

3.1. Copolymer Synthesis. To develop r-ZACs with
anionic functionality, i.e. CZACs, we synthesized random
terpolymers of TFEMA, SBMA, and MAA by FRP (Figure la).
The hydrophobic (TFEMA) and zwitterionic (SBMA)
building blocks served to form hydrophilic nanochannels
through r-ZAC self-assembly, while the acidic repeat unit
(MAA) served to provide negative charge to the nanochannels
upon deprotonation in aqueous solution (Scheme 1b). To
study the effect of acidic repeat unit content on self-assembly
and membrane performance, we synthesized three copolymers
of varying compositions: ZAC-0, CZAC-1, and CZAC-2
(Figure 1b, Table 1). The content of the acidic repeat unit
(MAA) ranged 0 — 13 wt %, while the content of the
zwitterion (SBMA) remained mostly constant (32 — 36 wt %).
The hydrophobic repeat unit (TFEMA) composed the

because previous work shows that cogolymers of TFEMA
with SBMA®” and TFEMA with MAA*" also possess a near-
random repeat unit sequence. It is worth mentioning that there
are strict kinetic requirements for a terpolymer to be truly
random,*® so it is likely that the terpolymers were somewhat
graded and/or blocky. Despite this caveat, we will refer to
these terpolymers as random to stay consistent with the
terminology appearing in the published literature.

3.2. Characterization of CZAC Self-Assembly. To study
terpolymer nanostructure, we performed TMDSC (Figure 2,
Table 1). Both CZACs exhibited a single T, (CZAC-1, T, =
165 °C; CZAC-2, T, = 175 °C) that did not correspond to a
homopolymer phase (T%PTFEMA =84°C,” Typspma = 220 °c,”’
and Topyua = 230 °C *). Additionally, the single T,s were
significantly greater than Fox equation prediction for if the
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Figure 2. (a) TMDSC thermograms for (a) CZAC-1 and (b) CZAC-
2 (second run, 3 °C/min heating ramp, + 1.5 °C/min modulation).

For both CZACs, we observed a single T, corresponding to the glass
transition of the hydrophilic nanodomain.

terpolymers were homogenously mixed as a single phase (eq 1,
Table 1). These results imply that the single T,s correspond to
a glassy nanodomain enriched in SBMA and MAA.***” This

domain likely limits the mobility of chain segments in the
bordering TFEMA-rich hydrophobic domain due to a high
degree of interconnectivity, thereby obscuring a lower
temperature glass transition.”” These results are consistent
with the behavior of self-assembling r-ZACs without weakly
acidic groups,”’ where the single Tes correspond to a
zwitterion-rich nanodomain.

3.3. Fabrication of Thin Film Composite (TFC)
Membranes. Thin film composite (TFC) membranes were
prepared by coating a solution of each copolymer in
trifluoroethanol onto a porous PES ultrafiltration membrane
support (UESO, Trisep) followed by immersion into a
nonsolvent coagulation bath. This well-established membrane
fabrication technique is readily scalable to roll-to-roll
manufacturing.”® The resulting selective layer thicknesses
ranged between 0.61 and 1.0 um, as determined by SEM
cross-sectional images (Figure 3, Table 1). The ZAC-0 and
CZAC-1 membranes had similar selective layer thicknesses
(0.61—0.62 um), while the selective layers of the CZAC-2
membranes were somewhat thicker (1.0 ym). We expect that
this difference was due to slight variations in the evaporation
time and/or differences in polymer—nonsolvent affinities.”"

3.4. Permeance and Hydraulic Permeability. For the
ZAC-0, CZAC-1, and CZAC-2 membranes, membrane
permeances and selective layer hydraulic permeabilities ranged
between 1.4—2.2 and 0.86—2.3 L pm m™> h™' bar™,
respectively (Table 1). Higher permeance and hydraulic
permeability corresponded to TFC membranes with greater
MAA content. The total weight fraction of hydrophilic
components (SBMA and MAA) also increased with increasing
MAA content, so it is possible that the higher permeance and
hydraulic permeability was due to a greater volume fraction of
hydrophilic nanochannels. We urge caution in analyzing this
trend, however, because numerous factors (e.g, humidity,
evaporation time, and polymer—nonsolvent affinities) likely
affect the permeances and selective layer hydraulic perme-
abilities of these TFC membranes.

(b)

Figure 3. SEM cross-sectional images of (a) the uncoated support membrane (Trisep UES0) and (b—d) coated TFC membranes featuring dense

copolymer selective layers: (b) ZAC-0, (c) CZAC-1, and (d) CZAC-2.
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The CZAC membranes had lower permeances than most
PA-TEC NF membranes.”” Permeance is inversely propor-
tional to membrane selective layer thickness, however, and the
CZAC membranes had much thicker selective layers (0.6—1.0
um) than PA-TECs (~0.1 um)’’ due to the different
membrane fabrication methods. Hydraulic permeability
quantifies water flux normalized by the pressure driving force
for permeation (eq 3), and therefore provides a better metric
for comparing the inherent rate of water transport through a
membrane material.”*** CZAC membrane selective layer
hydraulic permeability (0.86 — 2.3 L yum m™> h™" bar™!) was
slightly greater than that of typical PA-TFC NF membrane
selective layers (0.3 — 1.8 L gm m™2 h7! bar™!).”” This
indicates that CZAC TFC membranes manufactured with
thinner selective layers could have comparable or higher
permeances than state-of-the-art PA-TFC membranes. Pre-
vious work has demonstrated the fabrication of r-ZAC TFC
membranes with exceptionally thin (~0.1—0.2 ym) selective
layers and ultrahigh permeance,’>® suggesting that higher
permeance could also be realized for CZAC TFC membranes.

3.5. Effect of Copolymer Composition on Size-Based
Selectivity. To compare the size-based selectivity of the ZAC-
0, CZAC-1, and CZAC-2 membranes, we filtered aqueous
solutions of three neutral solutes of varying sizes (Figure 4a).
Concentration polarization was neglected, as it was shown to
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Figure 4. (a) Rejection of neutral solutes by the ZAC-0, CZAC-1, and
CZAC-2 membranes (Rib, riboflavin; Rut, rutin hydrate; VBI2,
vitamin B12). (b) CZAC-2 membrane rejection of various neutral
solutes versus Stokes diameter (sugars glucose, maltose, a-cyclo-
dextrin, and f-cyclodextrin; dyes riboflavin, rutin, and vitamin B12).
The solid line is the DSPM fit to the rejection of sugars and vitamin
B12 (D, = 1.95 nm, Table S1). The error bars appearing in parts a
and b are the 95% confidence interval calculated using Student’s t-
distribution.

be negligible (Figure S2). We observed similar neutral solute
rejections for the three membranes, suggesting that MAA had
no measurable influence on the effective membrane pore size.
We further investigated the size-based selectivity of the CZAC-
2 membrane, which had the highest MAA content, by filtering
neutral solutes of known Stokes diameter (Figure 4b, Table
S1). The Stokes diameter accounts for the size of the solute
plus its hydration shell, making it a good general measure of
size."”*"” The CZAC-2 membranes retained f-cyclodextrin
and vitamin B12 by > 90%, corresponding to a size-cutoff of
1.5 nm and a molecular weight cutoff off (MWCO) of ~1000
g/mol. This size is representative of dyes, peptides,
biomacromolecules, and larger pharmaceutical compounds.”

By fitting membrane neutral solute rejection data to the
DSPM,**" we calculated an effective pore size of 1.95 nm
(solid line of Figure 4b, Supporting Information). Given the
similar neutral solute rejections observed in Figure 4a, these
results are assumed to be representative of the ZAC-0 and
CZAC-1 membranes.

3.6. Effect of Acidic Repeat Unit on Charged Solute
Selectivity. We hypothesized that the hydrophilic nano-
channels of the CZAC membranes would be negatively
charged due to the deprotonation of MAA in water (Scheme
1b). This was expected to enhance the rejection of charged
solutes through Donnan exclusion,' #7390 According to
Donnan theory, a fixed negative charge in the pore
simultaneously decreases the partitioning of anionic solutes
and increases the partitioning of cationic solutes through
electrostatic forces."”*' Since electroneutrality requires that
the net-charge flux through the membrane is zero, the low
concentration of anions ultimately limits salt permeation rate
and thus increases rejection.””*" Size exclusion is not expected
to significantly affect salt rejection for the CZAC membranes,
because the effective membrane pore size (~1.95 nm, Figure
4) is much larger than the hydrated diameters of the ions
investigated in this work.”"

To determine if Donnan exclusion influences salt rejection,
we filtered 5 mM solutions of Na,SO,, CaSO,, and NaCl
through the ZAC-0, CZAC-1, and CZAC-2 membranes
(Figure Sa). For the CZAC membranes, we observed the
trend R(Na,SO,) > R(CaSO,) ~ R(NaCl). This reflects the
rejection trend predicted by Donnan theory for a negatively
charged membrane.”” Interestingly, we observed this same
rejection trend for ZAC-0, although to a much lower extent.
Many commercial UF membranes, including those we use as
supports for ZAC-based TFC membranes here, have negatively
charged surfaces to improve their fouling resistance and
wettability when used as is. This is supported by reported {
potential measurements of UES0®> and many other PES
membranes.”*** This is in agreement with our measurements
of the rejection of Na,SO, by uncoated UESO (Figure S3),
which can reach to >80% in dilute salt solutions and decreases
substantially with increasing feed concentration. These results
confirm the presence of a negative membrane charge according
to Donnan theory.*”*"*” While R(Na,SO,) was only 15% for
the support membrane at S mM feed concentration (Figure
S3), we speculate that the negative charge of the support led to
the slight Donnan exclusion observed for the ZAC-0 TFC
membranes.

The CZAC-1 and CZAC-2 membranes demonstrated higher
salt rejection than the ZAC-0 membranes, especially for
Na,SO, (Figure Sa). Since the three membranes had similar
size-based selectivity, this suggests that deprotonated MAA
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Figure 5. (a) Rejection of S mM Na,SO, by ZAC-0, CZAC-1, and CZAC-2 membranes. The greater salt rejection observed for the CZAC TFC
membranes is attributed to negative charge conferred by the deprotonated MAA groups. (b) Rejection of S mM Na,SO, with varying pH by the
CZAC-1 membranes. The fraction of deprotonated MAA groups decreased with decreasing pH, resulting in lower salt retention. The dashed line
serves to guide the eye. (c) Rejection of various salts at concentrations of 1 mM and S mM by the CZAC-2 membranes. The rejections are fitted to
the DSPM using a single anionic charge density for each feed concentration (1 mM: D, = 1.95 nm and y = 21.4 mM; S mM: D, = 1.95 nm and y =
60.4 mM). The error bars appearing in part a—c are the 95% confidence interval calculated using Student’s t-distribution.

granted negative charge to CZAC membranes (Scheme 1b).>”
Interestingly, the CZAC-1 and CZAC-2 membranes demon-
strated quite similar rejections of Na,SO,, CaSO,, and NaCl at
feed concentrations of S mM (Figure 5a) and 1 mM (Figure
S4), despite the different compositions of the CZAC selective
layers (Figure 1b, Table 1). Since Donnan exclusion is highly
dependent on fixed charge density,"”*"*” this result might
suggest that increasing MAA content above 7.0 wt % did not
significantly increase the partitioning of MAA into the
hydrophilic nanochannels, with additional MAA groups instead
partitioning into the hydrophobic nanodomain. However, it is
also possible that counterion condensation® resulted in a
lower effective charge concentration of the hydrophilic
nanochannels for terpolymers with MAA content above 7.0
wt %. If deprotonated MAA enhances salt rejection by
conferring negative charge to the hydrophilic nanochannels,
then salt rejection should decrease with decreasing pH. Acid—
base equilibrium favors protonated MAA under acidic
conditions, so the nanochannels would become less anionic
at sufficiently low pH.®® To test this, we filtered S mM
solutions of Na,SO, with varying pH through the CZAC-1
membranes (Figure Sb). As expected, R(Na,SO,) steadily
decreased from ~ 90% at pH 5.0—-5.6 to ~15% at pH 3.1,
indicating the equilibrium shift from deprotonated to
protonated MAA.®” The reported pK, of PMAA is 4.8,° so
we expect that most of the MAA groups were protonated at the
lowest pH of 3.1. As a result, salt rejection was negligible
without the negative charge conferred by the carboxylate
groups. Interestingly, CZAC-1 membrane permeance while
filtering the pH 3.1 solution was the same as with deionized
water (Figure SS). A decrease in permeance would reflect
deswelling of the hydrophilic nanochannels through collapse of
the protonated PMAA segments;sg’67 however, this was not
observed for our system.

Further investigation of the hysteretic behavior of acidic
CZACs in respond to pH changes would be quite interesting,
as this has been observed for self-assembled triblock copolymer
membranes possessing PMAA pore-internal blocks.”” For the
filtration experiments represented in Figure Sb, pH was
chronologically adjusted as pH 5.6, pH 4.5, pH 3.5, pH 3.1,
pH 4.0, and finally pH S5.0. Given the similar rejections
observed for pH 5.6 and pH 5.0, it is unlikely that CZAC-1
membranes demonstrated hysteretic behavior within the pH

window of 3.1-5.6. This does not preclude hysteric behavior
at higher pH values, which we did not investigate.

As mentioned previously, the low salt rejection observed at
pH 3.1 indicates that salt rejection was negligible without the
negative charge conferred by the carboxylate groups. This
result also implies that dielectric exclusion, defined as reduced
ion partitioning due to a low dielectric constant of the
membrane system,*> did not strongly influence salt rejection.
PA-TFC membranes, in contrast, rely heavily on dielectric
exclusion to achieve high salt retention.”” We speculate that
the absence of dielectric exclusion was due to the larger pore
size and the polarity/ hydrophilicity of the zwitterions.””

To further investigate CZAC membrane selectivity, we
systematically tested the effect of z,/z, pairing (e.g. +1/—2 for
Na,SO,), feed concentration, and cation species on salt
rejection for the CZAC-2 membranes (Figure Sc). Salt
rejection was most strongly determined by the z,/z, pairing,
consistent with the predictions from Donnan theory.”” We
observed lower salt rejections at hi§her feed concentrations,
also consistent with Donnan theory.*”*” The cation species did
not affect selectivity beyond its determination of z,/z, pairing
(e.g, R(Na,SO,) = R(Li,SO,)). This result is again consistent
with Donnan theory.*”*' Furthermore, this last result suggests
that selective SBMA-cation and MAA-cation interactions did
not influence selectivity for the salts that were investigated.

We fit the rejection of the 1 and S mM salts by the CZAC-2
membranes using the DSPM (Figure Sc). For each feed
concentration, we fit a single anionic charge density (y)
assuming the same effective pore diameter (~1.95 nm)
determined by neutral solute rejection’ (Figure 4b). We
measured consistent membrane permeance during the salt
filtration experiments (Figure S6), which supports this
assumption. We fit membrane charge densities of y = 21.4
mM and y = 604 mM for 1 and 5 mM feed solution
concentrations, respectively. Salt rejection depends on the ratio
of membrane charge density to feed concentration (i.e., y/
Cred),™ so the higher salt rejections observed for the 1 mM
feed solutions were consistent with our fit to the DSPM.
However, it is presently unclear why y increased with feed
concentration. This trend can artificially occur when salt
rejection resulting from dielectric exclusion is falsely attributed
to Donnan exclusion,”’ but the low Na,SO, rejection at pH 3.1
suggests that dielectric exclusion was unimportant for our
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Figure 6. Fouling resistance of the CZAC membranes. For both tests, commercial NF membranes were used as benchmarks. (a) Protein fouling
test (1000 ppm BSA, 10 mM CaCl,, pH 6.3, J, = 5.4 L m™ h™") performed using the CZAC-1 and NP030 membranes. (b) Organic fouling test
(1000 ppm humic acid, 1000 ppm sodium alginate, pH 4.5, J, = 8.1 L m™ h™") performed using the CZAC-2 and UA60 membranes.
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Figure 7. Effect of chlorine exposure on (a, b) CZAC-2 and UA60 membrane performance and (c) CZAC-2 terpolymer bond chemistry. The
chlorine dosage was 32 000 ppm-h (2000 ppm sodium hypochlorite, 16 h, pH 4.5). (a) Rejection of S mM Na,SO, before and after chlorine
exposure. (b) Permeance after chlorine exposure (Lp, Aﬂe,) normalized by permeance before chlorine exposure (LPlBefm). (c) ATR-FTIR spectra of
CZAC-2 films before (Pristine) and after (Chlorine) chlorine exposure. No discernible change to terpolymer bond chemistry indicates resistance to

chlorine attack.

system. We speculate that the effective charge density
increased with feed concentration due to the solvated ions
breaking SBMA-MAA complexes through competitive binding,
reducing interchain charge screening. However, this is difficult
to verify experimentally.

3.7. Membrane Fouling Resistance. Management of
membrane fouling is a crucial operational task, largely
determining membrane lifetime and performance.”'**® To
determine fouling resistance, we tracked flux at a given
pressure while filtering model foulants in dead-end mode. At
the end of the fouling period, we gently rinsed the membranes
with the background electrolyte solution and measured the
final water flux to determine the reversibility of the fouling. We
benchmarked CZAC TFC membrane performance with
commercial NF membranes, the NP030 (PES, Microdyne)
and the UA60 (piperazine-based PA, Trisep). These bench-
marks were selected because their salt rejection is similar to
that of the CZAC membranes.”””" PA and PES membrane
chemistries were selected to access a wider breadth of
membrane surface properties.

CZAC-1 membranes demonstrated excellent fouling resist-
ance when challenged with a solution of BSA (1000 ppm) and
CaCl, (10 mM) (Figure 6a), a highly fouling-prone protein
system. CaCl, was included to increase fouling propensity
through calcium bridging.** The fouling test was carried out at
pH 6.3 to ensure that the MAA groups were deprotonated and

therefore able to participate in calcium bridge formation.
CZAC-1 membranes showed minimal flux decline during the
24 h fouling period, likely due to cake deposition, and almost
complete flux recovery (98%) after a simple rinse (Figure 6a).
These results demonstrate excellent resistance to protein
fouling. The NP030, a commercial PES NF membrane used as
benchmark, showed significant flux decline during the fouling
experiment and only 50% flux recovery.

The CZAC-2 membranes demonstrated excellent fouling
resistance when challenged with a solution of humic acid
(1000 ppm) and sodium alginate (1000 ppm) (Figure 6b), an
organic mixture containing key organic foulants in surface
water, wastewater streams, and seawater.”””"* The pH was
reduced to 4.5 to increase the fouling propensity.”> We chose
not to include calcium, which increases fouling propensity
through bridging similarly to BSA," because calcium was
already used for the BSA fouling experiments. CZAC-2
membranes showed minimal flux decline during the 20-h
fouling period and almost completely recovered their initial
water flux (96%) after a simple rinse (Figure 6b). The UA60, a
commercial piperazine-based PA-TFC used as a benchmark,
showed larger flux decline during the fouling period and a
lower flux recovery (93%).

3.8. Chlorine Tolerance. Management of biofouling is
crucial for maintaining membrane lifetime and perform-

ance.'>*? Chlorine exposure is the preferred method for
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disinfection due to its low cost and simplicity, but polyamide
TFC membranes are highly sensitive to chlorine degrada-
tion.'»*>** This necessitates alternative methods for biofoulin
control, substantially adding to cost and system complexity."
The CZACs used in this work possessed chemical bonds that
are resistant to oxidation, suggesting that CZAC TFC
membranes would remain stable upon chlorine treatment.
To test this, we exposed the CZAC-2 membranes to a
concentrated (2000 ppm) solution of sodium hypochlorite for
16 h (32 000 ppm-h). We adjusted the pH to 4.5 using HCl to
ensure that hypochlorous acid was the dominant chlorine
species.”” Most NF and RO plants operate under mildly acidic
conditions to reduce scaling, so this was a realistic condition
for chlorine exposure.””

To determine the effect of chlorine treatment on membrane
performance, we first examined rejection of 5 mM Na,SO,
(Figure 7a) and permeance (Figure 7b) before and after
chlorine exposure. Membrane permeance after chlorine
treatment (Lpz,,) Was normalized by the initial permeance
before chlorine treatment (Lpg,p,.). For the CZAC-2
membrane, Na,SO, rejection decreased slightly from 94.4%
to 93.6% (Figure 7a) with no measurable change in permeance
(Figure 7b, Lp sfter/Lppefore = 1.00). These results demonstrate
that the CZAC-2 membranes maintained consistent selectivity
and permeance upon intense chlorine exposure. To establish a
benchmark, we subjected the UA60, a commercial piperazine-
based PA-TFC, to identical chlorine treatment. The UA60
demonstrated unacceptable changes to performance, with
Na,SO, rejection increasing from 79% to 97.8% (Figure 7a)
and permeance decreasing to 68% of its initial value (Figure
7b, Lp sfter/Lppefore = 0.68). These decreases can be at least
partially attributed to increased hydrophobicity resulting from
chlorination.”” These results illustrate that the CZAC-2
membranes were far more resistant to chlorine treatment
than the commercial PA-TFC benchmark.

To determine the effect of chlorine exposure on CZAC-2
bond chemistry, we performed the same chlorine treatment on
~50 um CZAC-2 films and examined the bond chemistry
using ATR-FTIR (Figure 7b). We observed no difference
between the spectra of the pristine and chlorine-treated films,
indicating that new bonds did not form due to chlorine
attack.">”* This result further suggests that the CZACs
investigated in this work possessed stable chemical bonds
that remain stable upon chlorine exposure. ATR-FTIR also
confirmed stable CZAC-2 ester bond chemistry after 24 h of
exposure to pH 1.0—3.0 solutions (Figure S7), suggesting that
the CZAC membranes were also resistant to acid-catalyzed
hydrolysis.”

4. CONCLUSIONS

This work introduces CZACs, random terpolymers of
hydrophobic, zwitterionic, and acidic/ionizable repeat units
to develop self-assembled NF membranes. We show that
CZAC TFC membranes and analogous uncharged r-ZAC TFC
membranes exhibit identical size-based selectivity, suggesting
that the ionizable repeat units dos not affect the self-assembled
pore size. In contrast, we demonstrate that the ionized acidic
group confers negative charge to the CZAC membranes,
thereby enhancing salt rejection through Donnan exclusion.
Salt rejection is successfully modeled using the Donnan Steric
Pore Model. These CZAC membranes demonstrate excellent
resistance to fouling by proteins and organic macromolecules,
illustrating their potential for treating challenging fouling-

prone feedstocks. This robust polymer chemistry also enables
high chlorine tolerance, with negligible changes in membrane
performance upon exposure to chlorine (32000 ppm-h).
Overall, this work offers a promising approach to developing
water filtration membranes with NF-type selectivity and
excellent fouling and chlorine resistance.
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