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CROSS-LINKARLE ZWITTERIONIC POLYMERY AND
THEIR USE IN MEMBRANE FILTERY

RELATED APPLICATION

This application claims the benefit of priority to U.S. Provisional Application No.
£3/025.559, filed May 15, 2020; the contents of which arc incorporated herein by reforence

m thetr entirety.

GOVERNMENT SUPPORT

This wvention was made with government support under grants 1843847 and
1553661 awarded by the National Science Foundation. The government has certain rights
m the invention.

BACKGROUND

Membrane filtration is an important and promising method of water purification,
reclamation and reuse. Membranes of various pore sizes can be used for a wide range of
obiectives, from simply removing discase~-causing microorganisms to desalination by reverse
osmosis (RO}, Membranes also serve as an efficient, simple, scalable separation method in

various industries, such as food, beverage, dairy, and bio/phammaceutical industries.

Membranes with improved selectivity, or ability to separate soluies with better
precision, offer to mmprove the economic feastbility and energy cfficiency of several other
processes. For nstance, membranes with improved selectivity between sulfate and chioride
anions could alter the composition of scawater and wastewater for use as dulling flaid in
offshore oil wells while operating at lower applied pressures. Membranes with extremely
amall pore sizes but low salt rejection can lead to lighly improved effluent guality for
challenging wastewater streams, particularly those with high organic content, sach as those

from the food industry.

All of the aforementioned membrane processes are often severely impacted by
fouling, defined as the degradation of membrane performance due to the adsorption and
accumulation of feed components on the membrane surface. Severe declines 1o membrane
permeability and changes in membrane selectivity are common. Fouling management is a

significant component of costs associated with membrane systems, requiring increased
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encrgy use, regular cleanmgs mvolving downtime, mamtenance and chemical use, and

more complex processes.

SUMMARY

Provided heremn are polymeric materials designed to create membranes with
mproved sclectivity and fouling resistance, with potential capabilitics that include tunable
effective pore size that can be reduced to <1 nm, exceptional fouling resistance, improved
chemical resistance and thermal stability, and ion selectivity.

In one aspect, disclosed are copolymers, comprising a plurality of zwitterionic
repeat units, and a plurality of hydrophobic repeat units; wherein at least some of the
hydrophobic repeat units each mdependently comprise a cross-linkable moiety. In certain
embodiments, the plurality of hydrophobic repeat units comprises (1) hvdrophobic repeat
units comprising a cross-linkable moiety, and (it} hydrophobic repeat anits that do not
comprise a cross-linkable moiety.

In another aspect, disclosed are cross-linked copolymer network, comprising the
copolymer disclosed herein.

In vet another aspect, disclosed are thin film composite membranes, comprising a
porous substrate, and a selective laver comprising the cross-linked copolymer network
disclosed herein, wherein
the average effective pore size of the porous substrate 1s larger than the average effective

pore size of the selective layer; and

the selective laver is disposed on top of the porous substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a 'F-NMR spectrum of PIAMA--SBMA), indicating successful
copolymerization. The presence of broad peaks at the d, ¢1, and ¢» positions indicates that
the copolymer has abundant allyl groups.

Fig. 2 is a 'H-NMR spectrum of PIAMA-~+-MPC), indicating successful

copolymerization. The presence of broad peaks at the d, ey, and e2 positions indicates that
the copolymer has abundant allvl groups.

Fig. 3A is a SEM cross-sectional image of the support membrane. Scale bar is 3 o

Fig. 3B s a SEM cross-sectional image of ane of the TFC membranes prepared
using first precipitation technique described i Example 2A. Scale bar is 3 ym.

Fig. 4A is a SEM cross-sectional image of the support membrane. Scale bar is 3 pm.
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Fig. 4B 15 a SEM cross-sectional image of one of the TFCs prepared by the method
described in Example 2B.

Fig. 5 is a DSC thermogram of the copolymer described in Example 1A, The
exothernuc peak centered at 186 “C signifies that the copolymer was thermally cross-
hnked.

Fig. 6A is a graph that depicts permeance of cross-linked membranes (Lp)
vormalized by the permeance before cross-linking versus photoinitiator concentration for
cure times of § munutes and 20 minutes. Membranes were cross-hinked as described by
Method | of Example 3A. The average initial permeance was 1.5 Lm™ bl barl,

Fig. 6B is a graph that depicts permeance versus time for a membrane propared as
described in Example 3A and cross-linked as described by Method 2.

Fig. 7A is a graph depicting selectivity enhancement (left axis) and rejection (right
axis) versus permeance / initial permeance for sodium sulfate. The photo-initiator
concentration ranged from 0.3-4 wt% and the cure time ranged from 5-20 minutes {see
Figure 6(a}}. The average initial permeance was 1.5 Lm? hrt barl,

Fig. 7B is a graph depicting selectivity enhancement (left axis) and rejection {right
axis) versus permeance / initial pormeance for magnesium chioride. The photo-mitiator
concentration ranged from 0.3-4 wt% and the cure tune ranged from 5-20 minutes {see
Figure 6A). The average initial permeance was 1.5 L m? hrl bar™.

Fig. 7C is a graph depicting selectivity enhancement (left axis} and rejection (right
axis) versus permeance / initial permeance for sucrose. The photo-initiator concentration
ranged from 0.3-4 wt% and the cure time ranged from 5-20 mimstes (sec Figure 6A). The
average initial permeance was 1.5 Lm™ hr! bar!.

Fig. 71» is a graph depicting selectivity enhancement {Ieft axis) and rejection (right
axis} versus permeance / 1nitial permeance for riboflavin. The photo-initiator concentration
ranged from §.3-4 wit% and the cure time ranged from 5-20 munotes (sce Figure 5A). The
average initial permeance was 1.5 L m™ hr'! bar'l.

Fig 8A is a graph depicting fouling by organics (36 ppm humic acid, 50 ppm
sodium alginate, 10 oM NaCl, 1 mM CaClz). Membranes were prepared as descrbed in
Example 2A and crosslinked as described in Method 1 of Example 3A. Photo-inttiator

concentration 3w/v%, cure time 20 minutes.
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Fig. 8B 1s a graph depicting fouling by protemns (1000 ppm bovine serum albumin
with 10 mM phosphate buffer sabine). Membranes were prepared as described in Example
2A and crosslinked as described in Method 2 of Example 3A. Photo-initiator concentration
3w/v%., cure time 5 nunutes,

Fig. 2 is a bar graph depicting organic solvent permeance for crosslinked P(AMA-7-
SBMA) membranes. Membranes were prepared as described in Exampie ZA and
crosslinked as described mn Metbod 2 of Exanople 3A. Photo-inttiator concentration 3 w/iv%,
cure time 5-20 nunutes.

Figs. 10A-18E arc cross-sectional SEM images of (18A) UESO support membrane;
(108} Un-cross-linked TFC membrane; (16C) Cross-linked TFC membrane; (10B) Un-
cross-linked TFC membrane after being soaked in methanol], indicating that the selective
layer is fully dissolved; (18K} Cross-linked TFC membrane after being soaked in methanol,
mdicating that the selective layer is not dissolved. The membrane the was prepared as
described 1o Example 3B.

Fig. 11 15 a scheme that depicts the synthesis of poly({allyl methacrvlate)-random-
(sulfobetaine methacrylate}).

Fig. 12 is a graph that depicts the water uptake before and afier cross-linking.

Fig. 13 1s the FTIR spectra of the copolymer before and afier cross-linking.

Fig. 14 is a dlustration as well as an image that depict the cross-linking setup.

Fig. 15A is a graph that depicts the permeance change versus initiator percentage at
different times.

Fig. 138 15 a graph that depicts the selectivity enhancement for NaxSQ: before and
after cross-hinking.

Fig. 15C is a graph that depicts the selectivity enhancement for MgClh before and
after cross-tinking.

Fig. 15D 15 a graph that depicts the selectivity enhancement for sucrose before and
after cross-tinking.

Fig, 15E is a graph that depicts the selectivity enhancement for riboflavin before
and after cross-linking.

Fig. 16 15 a graph that depicts the size-based selectivity of the cross-linked
copolymer selective layer for neutral organic molecule.

Fig. 17 1s a graph that depicts the ion selective in MgSU04 filtration.
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Fig. 18 15 a graph that depicts the fouling resistance with the selective layer of cross-
linked copolymer is subject to 50 ppm humic acid, 50 ppm sodiom alginate, 1 mM Ca(Cs,
pH=735, Jo=8 L m™” b bar,

Fig. 194 is the chemical structure of the cross-lutkable r-ZAC, poly{alivl
methacrvlate-r-sulfobetaine methacrviate) (F{AMA-»-SBMA}Y) (top} and a field emission
scanting electron microscope (FESEM) cross-sectional image of a TFC membrane. The
dense top layer is the cross-linkable -2 AC on the support (bottom).

Fig. 198 15 an lustration of cross-linked r-ZAC nanostructure. The hyvdrophobic
domain {red) sarrounds the zwitterionic nanochannels (blue), which permeate water and
certain tons. The hydrophobic domain is chemically cross-linked to reduce the effective
pore size to <1.0 nm.

Fig. 19C is a scheme showing the Zl-ion interactions occurring during pressure-
driven filtration within the zwitterionic nanochannel. Favorable Zi-anion interactions
cnable faster diffusion rates. These membranes cnable selective separations in during
pressurc-driven filtration, a highly scalable mode of operation.

Fig. 28A is a bar graph showing rejection of NaX with various anions at 250 psi
pressure. Rejection increases with increasing anton hydration strength (left to right), which
correlates closely with SB-anion interaction propensity.

Fig. 208 15 a bar graph showing rejection of MCI with vanous cations at 250 psi
pressure. Rejection is not determined by cation hydration strength {increasing left to righty.
Higher rejections are observed for divalent cations than monovalent cations.

Fig. 21 15 a graph showing nommalized salt flax (Newwd/ ACs) vs. water velocity (s}
for Na{'10s, Nal, NaBr, Nall, NaF, and NaxSO4 at 20 mM feed concentration. Model fit
{Eq.1) reveals that convection is negligible for all salts except Na:504, which had important
contributions from both diffusion and convection.

Figs. 22A-22C are the partition coefficient (K, Fig. 22A), permeability (£, Fig.
228, and diffusivity (D, Fig. 22C) of sodium salts. The water sorption coefficient (K} is
also included in Fig. 22A. Greater pastitioning and permeability generally corresponded to
mare favorable Zi-anton mteractions, while diffusivity depended on mnteraction strength as
well as anion size.

Fig. 23A is a graph showing normalized fluoride flux (NMewnd/ ACr, left axis) and

fluoride rejection {right axis) for NaF solutions and equimolar nuxiures of NaCl/ NaF vs.

ionic strength (7). Pressure was adjusted to maintain 6 — 7 L m™ hr! bar! operating flux.
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Fig. 238 15 a graph showing Cl/ F selectivity vs. Cl passage for ZAC-X,
commercial NF, and layer-by-layer membranes. Chloride passage is a critical performance
parameter for fluoride removal from drinking water. ZAC-X nearly doubled the highest Cl/
¥ selectivity set by state-of-the-art membrane technologies.

Fig. 24A is a scheme showing a cross-linkable r-ZAC TFC membrane and the
tuning of its selectivity. The red pore walls represent the hydrophobic/cross-finkable
domains, while the bluc channels represcut the hydrophitic/zwitterionic domains through
which water and small solutes permeate. Selectivity 1s tuned by cross-linking the
hydrophobic domain through allviic double bonds, arresting the zwitterionic nanochannels
in a state of limited swelling. This reduces the pore size and enables the rejection of sub-
nasomneter solutes.

Fig. 24B i3 a graph showing performance comparison of highly cross-linked r-ZAC
membranes (ZAC-X) against state~-of-the-art mombranes featuring nanostructured
copolymer selective layers {star symbaols, marked with gold region), polyanude TFNs,
polyvanude TFCs, and wmorganic selective lavers. ZAC-X demonstrated exceptional CF
/S0% selectivity, surpassing the performance of other membrane technologies even when
challenged with artificial seawater.

Fig. 25A shows the synthesis scheme for PLAMA-#-SBMA) via ARGET-ATRP.

Fig. 258 is a copolymer H-NMR spectra for 6.2 — 5.1 ppm (500 MHz, de-DMSQ3,
showing broad allyl peaks indicating the preservation of AMA units.

Fig. 25C is a set of images of the gel formed by exposing a solution of copolvmer (3
wi%;) and photo-imitiator {5 wi%) to UV hght (top) and a cross-linked copolymer film after
several weeks of immersion in TFE (bottom). No discernable change in swelling, color, or
opacity was observed, whercas un-cross-linked polymer films readily dissolve in TFE.

Fig. 250 15 a DSC thermogram for un-cross-linked copolymer {second run, 30°C/
min heating rate).

Fig. 25E 15 a TEM brightfield image for un-cross-hinked copolvmer showing a
bicontinuous network of zwitterionic nanochannels (dark} surrounded by the hydrophobic
phase (light). The insert shows the FFT of the image, with the dark ring corresponding to
the spatial frequency of the zwitterionic domams.

Fig. 26A is an image showing the cross-sectional field emission scanning electron
microscope (FESEM) image of TFC membranes featuring an ~300 — 500 nm P(AMA-#-

SBMA) selective laver covenng the support.
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. 268 is a diagram showing a membrane disk prepared for cross-linking.

Fig. 26C is a scheme showing cross-linking of the hydrophobic domains of
P(AMA-r-SBMA) via photo-polymerization.

Fig. 26D 15 an ATR-FTIR spectra of as cast and cross-linked films of PAAMA-#-
SBMA) (20 minutes UV-cure with 3.0 w/v% photo-initiator).

Fig. 26F is a cross-sectional SEM image of a cross-linked TFC membrane that was
immersed m TFE, a good solvent for PIAMA-»-SBMA)}, for several weeks. The selective
layer did not dissolve, confirming that it was cross-linked.

Fig. 26F is a graph showing the water uptake for un-cross-linked {As cast) and
cross-linked (UV, 5 minutes cure time, 3.0 w/v% photo-initiator} films of PLAMA-#-
SBMAJ.

Fig. 27A is a graph showing Lpr (left axis) and Lp* (right axis} versus photo-initiator
concentration for different cure times.

Fig. 278 is a graph showing rejection of neutral solutes vs. Stokes diameter for
membranes cross-linked to different extents. Greater reductions n permeance resulted in
progressively smaller pores. The solid lines are fits to the DSPM for uniform pore
diameters of .94 nm, 1.06 nm, 1.17 noy, and 1.36 nm for 1,%=0.23, 1,%=0.45, 1,%=0.64,
and As Cast, respectively {Table 83},

Figs, 27C-27F are graphs showing rejection (left axis, ®) and 1/Cr™ (night axis, &)
versus L% for Na:SQa (Fig. 27C), sucrose (Fig. 27D), MeCh (Fig. 27H), and NaCl (Fig.
27F}. Rejection and 1/C»* increased with decreasing Lr%, indicating progressively smaller
pores. Performance of the most highly cross-linked membranes selected for further study,
ZAT-X is circled in red. The pressere was 250 psi.

Fig. 284 is a graph showing fouling by a solution containing common foulants in
surface water (50 ppm bunuc acid, 50 ppm sodiwm alginate, 1 mM CaCly, 10 mM NaCl, pH
=7 J=87 Lo hr').

Fig. 288 s a graph showing fouling by a protein sohstion {1,000 ppm bovine serum
atbumin (BSA), 10 mM CaCly, pH =63, Jo = 10.0 L m? hr'!). Initial flux was completely
recovered after a simple water rinse.

Fig. 29A is a bar graph showing rejection of single salts (20 mM) by ZAC-X and

NF90. The operating flux was 63 - 6.9 L m? hrl.
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Fig. 298 15 a bar graph showing rejection of various ions from artificial seawater by
ZAC-X and NF90. The composition was Csos = 28.2 mmol/kg, Crg = 63.1 mmolkg, Ca =
549 mmol/ke, and Cive = 479 mmolkg,. The operating flux was 6 L m hr'l,

Fig. 30 15 a graph showing water uptake versus zwitienion content for P40, P-60,

and P70,

Fig. 31 is a graph showing fouling resistance of cross-linked & AC membranes of

different awitterion composiion.

Fig. 32 is a graph showing permeance versus zwitterion content for eross-linked r-
ZA{ membranes.

Fig. 33 is a graph showing rojection of neotral organics versus Stokes diameter for
crosg-lutked +-ZAC mombranes.

Fig. 34 is a graph showing tuning of water permeance using different salt solations.

DETAILED DESCRIPTION

Disclosed are a family of polymeric materials that comprise at least two types of
repeat anits:
1. A zwittertonic repeat unit, which serves to tmpart water permeability and fouling
resistance to the membrane selective laver; and
2 A relatively hydrophobic repeat unit that comprises a functional group that can
further polymerize upon additional processing. This repeat unit prevents the dissolution of
the coating in water, also traparts selectivity by preventing the swelling of zwitterion
containing nanodomains formed by self-assembly, and can be further modified by methods
including radical polymenzation. A typical cross-linkable moiety is a C=C double bond,
which can be polymernized upon oxposure to a free radical photoinitiator, mcluding one
activated by ultraviolet (UV) light. It may also be possible to do this using thermal methods
{i.c. using an imtiator activated at higher temperatares), or through a redox reaction. It may
also be possible to polymenze these groups by oxposure to UV light, even without any
photoinitiator.

The material can also mehude an additional hvdrophobic repeat anit that 1s not cross-
linkable.

These copolvruers are synthesized by methods well-known in polymer science. If
the cross-hinkable group mcludes a C=C double bond, such as a vinyl or allyl group, this

copolymer may be synthesized using controlled free radical methods that interact only with
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more reactive polvmerizable groups, ¢ g. atom transfer radical polvmerization (ATRP) and
its modified versions such as atom regeneration transfer ATRP (ARGET-ATRP), nitroxide-
mediated polymerization (NMP), or reversible addition fragmentation transfer (RAFT)
polymerization. It may alse be possible to prepare these polymers using regular free radical
polvmerization while carefully controlling polymenzation conditions {e.g. highly dilute
solution, low conversion}).

The copolymers are statistical copolymers. It is preferable for the copolymers to
meorporate these two types of repeat units 1n roughly random order (as opposed to blocks).

it 15 preferable for the copolymers to be of mostly lincar architectare. In certain
embodiments, the copolvmers are lincar. In cortain embodiments, the copolymers are
branched.

It is preferable for these copolymers to have a molecular weight above 5,000 g/mol,
preferably above 30,000 g/mol, even more preferably above 100,000 g/mol.

it ts preferable for these copolymers to contamn zwitterionic repeat units at a
concentration between 10-90 wt%, more preferably 20-80 wt%, and even more preferably
between 25-75 wi%.

In one embodiment, all hydrophobie repeat units are cross-linkable. In another
embodiment, three monomers are used: a cross-linkable monomer, a non-crosslinkable
hydrophobic monomer, and a zwitterionic monomer.

We have used allvl methacrylate (AMA} as the cross-linkable monomer. Other
acrylate, methacrvlate, acrylamide, methacrylamide, and styrene derivatives that inclade an
allvl {CHR-CH=CHy}, viny! (-CH=CH: or -CH=CH-), vinvl ether {-G-CH=CHz}, and vinyl
ester (~CO-O-CH=CHa) groups in their side-groups are also amenable to similar treatment.
These functional groups are polymerizable by free radical polymerization, but significantly
less reactive than acrylate, methacrylate, styrene, acrvlamide and methacrvianude groups
histed above, particularly in the controlled free radical polymenzation methods described.
Some possible cross-linkable monomers inclade {(but are not limited to}: allvl acrvlate, allyl
acrylamide, allyl methacrvlamide, vinyl methacrylate, vinyl methaceylamide, vinyl
acrylamide, allvl vinyl benzene {styrene derivative}, other alkenyl
acrvlates/methacrylates/acrylamides/styrenes {e.g. undecenyl acrylate), and monomers with
other double bond containing side-groups {¢.g. ethylene glveol dicyclopenteny! ether

methacrviate, cthvlene glycol dicvelopenteny! ether acrylate).
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Work to date has focused on sulfobetaine methacrvlate (SBMA) and methacryvioxy
phosphoryleholine (MPC) as the zwitterionic monomers. However, there is a wide swath of
zwitierionic monomers that will be viable. Monomers that include sulfobetaime,
phosphorylcholine, and carboxybetaine groups attached to acrviate, methacrylate,
acrvlamide, methacrylamide, vinyl pyridine, vinyl imidazole, and many other
polymerizable groups are viable options.

if used, the non-~crosshinkable hydrophobic movonier can be selected among a broad
range. Homopolymers formed from preferred monomers are insolable in water under
operating conditions. Flaoralkyl and allkivl-) and fluorcarvi and arvl- substitated acrviates,
methacrylates, acrylamides and methacrylamides, styrene and its derivatives, acrylonitrile
and methacrylontirde are all viable options for this bydrophobic monomer. o some
embodiments, the homopolvmer of this hydrophobic monomer has a glass transition
temperatare above 0°C, but this 1s not required. We have used triflucromethyl methacrylate
{TFEMA) for tlus purpose.

Then, these copolymers are coated onto a porous support by methods well-
understood in the membrane industry (e.g., doctor bade coating, spray coating}. Upon
deposition, the zwittcrionic groups are expected to form clusters due to Coulombic
mteractions.

After this membrane is formed, the cross-hinkable groups on the copolymer chains are
activated to form additional bonds between them. In one preferred cmbodiment, this is done
by first immersing the membrane into a solvent containing a free radical photoinitiator, then
exposing the membrane to uliraviolet light. This activates the double bonds on the
copolymer, creating bonds between polymer chains. While this approach is described in
detail (in part to leverage advantages from solvent use, described below), other possible
cross-linking approaches include:

- No use of solvent during cross-linkmg. The photoimitiator can be added to the
solution from which the copolvmer is coated onto the sapport. The coated
membrane can then be exposed to UV hight.

- Use of athermal free radical titiator 1o place of the photoinitiator, and cross-linking
by exposure to hugh temperatures,

- Use of high intensity UV with no photoinitiator.

- Thermal cross-linking without an 1nitiator.

- Use of a redox mmtiator i place of the photomitiator.

<10 -
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Upon cross-linking, the membrane selective layer has enhanced chemical and
physical stability. The performance of the layer would be expecied to remain stable throagh
a wider operating window, enabling its use at higher temperatures and/or with more
complex foeds containing higher salt concentrations, some solvents, ete.

The cross-linking process may also be nsed to adjust and improve the selectivity of
the membrane. Spectfically. if during cross-finking, the membrane is exposed to a solvent
that preferentially swells the hydrophobic doroains as opposed to the zwitierionic domains,
our data ndicates that the effective pore size of the membrane can be decreased to <1 nm,
as low as 0.74 nm by ouvr experiments (and possibly even lower) measured using sugar
molecule rejections. This results in membranes with highly tunable selectivity, which can
be adjusted to the desured value for each application,

Specifically, membranes with the tightest pores have exceptional rejection of small
organic compounds {including sugars, dyes, etc) and significant selectivity between S04
and CI 1ons. These features are highly promusing for applications that include sulfate
removal in offshore o1l extraction, treating wastewaters with high concentration of small
molecule organics such as sugars, and other demanding water treatment processes.

In all cascs, these membranes display exceptional fouling resistance, retaining their
performance during the filiration of water samples containing proteins and oil. This quality
arises from the choice of the zwittetionic functional group.

In one aspect, disclosed are copolymers, comprising a plurality of zwitterionic
repeat units, and a plurality of hyvdrophobic repeat units; wherein at least some of the
hvdrophobic repeat units each mdependently comprise a cross-linkable moiety. In certain
embodiments, the plorality of hyvdrophobic repeat units comprises (i} hyvdrophobic repeat
units comprising a cross-linkable moiety, and (i) hvdrophobic repeat units that do not
comprise a cross-iimkable moiety

In certam embodiments, cach of the zwitterionic repeat units independently
comprises sulfobetaine, carboxybetaine, phosphorvicholine, imidazohiuom alkyl sulfonate.or
pyndinium alkyl sulfonate.

o certatn emboduments, cach of the zwiticrionic ropeat units is independently
formed from sulfobetaine acrvlate, sulfobetaine acrylamide, carboxvbetaine acrvlate,
carboxvbetaine methacrylate, 2-methacrvioyioxvethyl phosphorvicholine, acrvloxy

phosphoryicholine, phosphorylcholine acrylanude, phosphorylcholine methacrvlamide,

- 11~



WO 2021/232018 PCT/US2021/032793

o

i3

25

carboxybetaine acrvlamide, 3-(Z-vinylpyrdiniom-1-vl)propane- | -sulfonate, 3-(4-
vinylpyridinim-1-vipropane-1-sulfonate, or sulfobetaine methacrylate.

in certain embodiments, cach of the hydrophobic repeat units is independently
formed from a styrene, an alkyl acrylate, an alkyl methacrylate, an alkyl acrylamude, an
acrylonitrile, an arvl acrylate, an arvl methacrvlate, and an arvl acrylamide.

in certain embodiments, the cross-linkable moiety comprises a carbon-carbon
doublc bond. In certain emboduments, the cross-linkable moiety conprises an ally) (CHz-
CH=CHz), a vinyl (-CH=CH or -CH=CH-}, a viny] ether (-O0-CH=CH2), or a vinyl ester {-
CO-0-CH=CHa).

In certain embodiments, the copolvmer is poly{{allyl methacrylate}-random-(sulfobetaine
methacrylate)) or polv{{allyt methacrylate)-random-~(2-
methacrvioyloxyethyl phosphoryleholing)).

in certain embodiments, the copolymer disclosed herein further comprising a
plurality of a second tvpe of hvdrophobic repeat units, wherein the second type of
hyvdrophobic repeat units are each independently formed from an alkyl acrylate, a alkyl
methacrylate, an alkyl acrvlamide, an acrylonitrile, an aryl acrvlate, an aryl methacrylate,
and an aryl acrylamide.

In certain embodiments, the second type of hvdrophobic repeat units are formed
from 2.2 2-nifluorocthy] methacrylate.

In certain embodiments, the copolymer is poly{allvl methacrylate-random-
triflucrocthyl methacrylate-random-2-methacryloyloxyethyl phosphoryichaling).

In certain embodiments, the copolymer has a molecular weight of about
10,000 to about 10,000,000 Dalton. In certain embodiments, the copolymer has a molecular
weight of about 20,000 to about 500,000 Dalton.

In certain ermbodiments, the zwitterionic repeat units and the hvdrophobic repeat
units cach constitute 20-80% by weight of the copolymer. In cerfain embodiments, the
zwilterionic repeat units constitute 25-75% by weight of the copolymer, and the
hydrophobic repeat units constitute 25-75% by weight of the copolymer.

Io certain emboduuends, the copolymer is poly((alivl methacrvlate}-random-
(sulfobetaine methacrvlate)), the zwitterionic repeat units constitute 25-75% by weight of
the copolymer, and the copolymer has a molecular weight of about 20,000 to about 100,000

Dalton.
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in another aspect, disclosed are cross-linked copolymer network, comprising the
copolymer disclosed herein.

In yet another aspect, disclosed arc thin film composite membrancs, comprising a
porous substrate, and a selective layer comprising the cross-linked copolymer network
disclosed herein, wherein
the average effective pore size of the porous substrate is larger than the average effective

pore size of the selective layer; and
the the selective layer 1s disposed on top of the porous substrate.

n certain cmbodiments, the selective laver has an average effective pore size of
about 0.1 nm to about 2.0 nm. In cortain embodiments, the selective laver has an average
effective pore size of about 0.1 nm to about 1.2 nm. In certai embodunents, the selective
layer has an average effective pore size of about 0.5 nm to about 1.0 nm.

in certain embodiments, the selective layer has a thickness of about 10 nm to about
10 um. In certain embodiments, the selective layer has a thickness of about 100 nn to about
2 um.

In certain embodiments, the thin film composite membrane rejects charged solutes
and salts. In certain embodiments, the selective layer exhibits sulfonate (804 rejection of
greater than >99%,

In certain embodiments, the selective laver exhibits sulfonate (5G4} / chioride (C1)
separation factor of greater than > 50, In certaim embodiments, the selective laver exlubits
sulfonate {8042 / chloride (1) separation factor of about 75. Separation factor is defined
as flux of CI divided by flux of S04,

In certain embodiments, the thin film composite rejects salts of anions of the same
charge to different extents, cnabling their separation or enrichment by a filtration process.
For instance, the membrane exhibits different rejections for NaF, NaCl, NaBr, Nal,
MNaClOs, NaNGs, ete. to different extents under the same festing conditions. In a similar
vein, if a mixture of two of more such salts are filtered through this thin film composite
membrane, the ratio of the corresponding anions is significantly different in the feed and
the permeate.

n certain embodiments, the selective layver exhibits fluoride (Fy/chloride (C1)
separation factor greater than 5. In certain embodiments, the selective layer exhibits F/CH

separation factor of about 8. Scparation factor is defined as flux of CI divided by flux of .

- 13-
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In certain embodiments, the selective layer rejects neutral solutes (e.g., sugars) to
different extents based on their size, enabling fractionation.

In certain embodiments, the selective layer exhibits selectivity between
monosaccharides {(¢.g. glucose, xylose) and disaccharides {¢.g. sucrose), enabling thewr
separation. In certain embodiments, the selective layer exhibits a glucose/sucrose separation
factor greater than 10, and a xylose/sucrose separation factor greater than 15

in certain embodiments, the selective layer exhibits resistance to fouling by an oil
emulsion.

In certain embodiments, the selective laver is stable apon exposure o chiorine
bleach {e.g., at pH 4}

In certain embodiments, the selective layer exhibits size-based selectivity between
sncharged organic molecules. In certain embodiments, the selective layer exhibits rejection

of > 99% for nevtral molecule with hydrated diameter of about or greater than 1 num.

EXAMPLES

In order that the invention described herein may be more fully understood, the
following cxamples are set forth. The examples described in this application are offered to
itustrate the compounds, compositions, materials, device, and methods provided herein and

are not to be construed in any way as limiting their scope.

ZACs)
Example 1A: Synthesis of poly{aliyl methacrylate-randonr-suliobetaine methacrylate),
PAMA-r-SBMA)

In this example, the synthesis of P{AMA-r-SBMA) was performed by Atom

ReGEnration Transfer Atom Transfer Radical Polymerization (ARGET-ATRP). We first
added sulfobetaine methacrylate (SBMA 12 40 g), allyl methaceylate (AMA, 184 g}, othyl
g-bromoisobutyrate (EBIR; 70.4 ul.), methanol (124 ml), and acetomitrile (124 mL solvent)
to a 500 mL round bottom (RB) flask. The flask was then sealed with a rubber septum and
purged with nitrogen for 30 minutes. In a separate container, we dissolved copper (E)
bromide  (0.0211 g), ascorbic acid {0170 g}, and NANN NN

Pentamethvidiethylenetriamine (PMDETA; 200, pL) n a maixture of methanol (25.0 mL) and

- 14 -



WO 2021/232018

o

i
<

i3

23

PCT/US2021/032793

acetonitrile (251 mL). A small portion (8.01 g) of this catalyst sohution was then added to a
25 mL RB flask, sealed with a rubber septum, and purged with mitrogen for 15 minutes.

To mnitiate ARGET-ATRP, we discharged the contents of the 25 mL BB flask into the
500 mi, RB flask using a canula and pressurized nitrogen. The reaction was carried out for
20 hours at room temperature and snder stirring. Little to no gelling occurred, indicating that
the allyl groups were proserved during the reaction. To terminate, the solution was cxposed
to oxygen by removing the rubber septum from the 500 k. flask. The solution was then
concentrated using a rotary evaporator (no measurements were made, but it 18 estimated the
solution was concentrated by a factor of approxtmately 3-4}. The copolvmer was precipitated
by slowly pouring the solution ito 700 mL of a mixture of hexane and ethanol (5:3 volume
ratio}). The copolymer was left overnight, and then washed multiple times in pure hexane.
The powder product was collected with a separatory funnel and filter paper, and then dried
vader vacuum at 35 °C for 3 days. The collected product weighed 4 .45 g, mdicating a yicld
of 14 4%. Peak integration confirmed that all allyl groups were preserved.

A wider composttion range for eross-linkable r-ZACs was explored, now from 47 ~

31 wi%% zwitterion. These membranes have higher permeance than the previons cross-
fmked rZAC mendranes. Thew permeance and sclectivity suggests then could be used in

» potentiatly fifter small

U applications. They are very fouling resistant. They could

organic molecules fe.g. micropollutants).

Table L. Summary of composition range for PIAMA--SBMA) copolymers.

wi%% EF in product

Copolymer wits &1 in monomer solution (HLNAMR)
P40 40 47
P60 &0 724
P70 70 312

P4, This was described above.

Pooiy, 4.1 g SBMA, 6.0 g AMA and 195 ub of ethy] a-bromoisobutyrate was
dissolved in 75 mL of 50:50 methanol:acetonitrile. After purging the mixture with nitrogen,
ARGHET-ATRP was inttiated by adding 3.3 praol CuBr, 53 pool ascorbic acid, and 53
pmol NN N N N-pentamethyidiethvienctrianune (PMDETA) dissolved in 3.4 g 50:50
methanol acetonitrile. The reaction was conducted for 20 howrs at 30 — 50°C and terminated
by exposure to air. The copolymer was precipitated and washed prior to drying under

vacuum at room temperature.
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P78 14 g SBMA, 6.0 g AMA, and 358 ull of ecthyl o-bromoisobutyrate was
dissolved in 150 mL of 50: 50 methanol:acetonitrile. After purging the mixtare with nitrogen,
ARGET-ATRP was initiated by adding 9.7 pumol CuBir2, 98 pmol ascorbic acid, and 9% wmol
MNONONY N N"-pentamethyldicthyvienetramine  (PMDETA) dissolved i 63 g 50:50
methanol:acetonitrile. The reaction was conducted for 20 hours at 30 - 30°C and termimated
by exposure to air. The copolymer was precipitated and washed prior to drying under vacuum
at roor temperature.

YA/

Werer upiake vs. zwitterion condent for P-48 P88 and P-78

Copolymer films of ~300 pm thickness were prepared by drop casting copolvmer/
teiffuorosthancl sohstions onte polymerie substrates {oftentimes Teflon, polvethviene, or
podvprapyienc) The solvent was allowed to acrially dry. The copolymer 8lms were thon
equilibrated with a 3 wi% solation of 2-hydroxy-2-methy] propiophenone/ isopropanol for 6
— 18 hours prior to shining UV light for 20 minutes. The films were then washed in isopropyl
alcohol and equilibrated with distilled water overnight. To measure water uptake (wup), the
water-swollen copolvmer films was removed, dried the outside with a Kim wipe, and then
measured the water-swollen mass (mwe). The films was allowed to acnally dry for several

hours prior to measuring the dry mass (nwry). The equation wey=100%% (Mwertay ) Mdry Was

used. See Fig. 3
The result shows that varving the zwitterion content enables facile funing of the
physical properties of cross-lindable »ZACs, From a physical standpoint, higher water

aptake is ndicative of larger pores.

2 af oravedinkod ,,_74;"" viemBranes ot oiftevent o vitterion
QT OPOSS-RKed P-n AL IeDFGNeS 95 Giniereni wilierion

5

COmposifion,
Membrane prepared by coating a 3 wt% solution of PIAMA--SBMA} onto a
porous support (PS35). Convective air flow was then used to quickly dry the solvent,
leaving behind the dense selective layer. P-60 and P-70 membranes were stored in
isopropyl alcohol prior to cross-linking to prevent dissolution in water. Cross-linking was
performed by equilibrating with 3 w/v% 2-hydroxy-2-methvi propiophenone/ isopropanaol
solution for >20 minutes and then shining UV light for 20 minutes. The solution was boving

sernim atbumin (BSAY CaCl {1006 ppm /10 mM). The inmial flux was 10 L w? i The

NPO30 15 a commercial NF control. See Fig. 31,
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This shows high zwittenion content cross~hinked 2 AT membranes are lghly

Permeance vs, owitferion content for grass-finked »- 240 membranes

Water flux vs. time was tracked at a known pressure {o caloulate permeance.
Membrane propared by coating a 3 wit% solution of P(AMA-~r-SBMA} onto a porous
support (PS33}. Convective air flow was then used to quickly drv the solvent, leaving
behind the dense selective layer. P-60 and P-70 membranes were stored in isopropyl
alcohol prior to cross-linking to prevent dissclution in water. Cross-linking was performed
bv equilibrating with 3 w/v% 2-hydroxy-Z-methyl propiophenone/ isopropanot sclution for
>20 nunutes and then shining UV light for 20 minutes. See Fig, 32.

The permeance of cross-linkable r-ZAC mentbranes can be greatly enhanced by

rion content.

Rejection of neuiral orsanios vs, Stokes diameter for cross-finked r-74C

membranes.
Membranes operated at 6-7 L w? het fhux. The solutes filtered by cach membrane
i order of mereasing size were as follows. P-40X: glveerol, xviose, glucose, and susrose;

P-60X: glucose, sucrose, mffinose, a~ovelodextrin, and vitamin B2, P70X: ghucose,
sucrose, raffinose, a~cyclodexinin, and vitamin B12. Membrane prepared by coating a 3
wit% sohution of PIAMA-~-SBMA} onto a porous support {P833). Convective air tlow was
then used to quickly dry the solvent, leaving behind the dense selective layer, P-60 and P-
70 membranes were stored in isopropyvl aleohol prior to cross-linking to prevent dissolation
i water. Cross-linking was performed by equilibrating with 3 w/iv% 2-hydroxy-2-methyl
propiophenone/ isopropano! solution for >20 minutes and then shuning UV light for 20
minutes. See Fig. 33.

In addition to permeance, the effective pore size can be tuned by varying
swifterionic content. The membranes also show good selectivity towarnds differcnt organics.

3

Tuning of water permeance using Jdifferent sals solutions,

Permeance measured while filtering different salt sohitions for several hous in
stiveed staindess sieel cells. Membrane prepared by coating a 3 wt% solution of P(AMA-#-

SBMA) onto a porous support (PS33). Convective air low was then used to guickly dry the

- 17 -
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solvent, leaving behind the dense selective laver. P-60 and P-70 membranes were stored in
isopropy! alcohol prior to cross-linking to prevent dissolution in water. Cross-linking was
performed by equilibrating with 3 w/v% 2-hydroxy-2-moethyl propiophenone/isopropanol

solution for >20 minutes and then shining UV light for 20 minutes. See Fig, 34.

Permeance can be tuned by fillering salt solutions of varving salingty with P-60X
and P-70X membranes. This is valike previcus -2 AU membranes or cross-linked - AL

membranes, and due to the bigh #¥ content.

Example 1B Synthesis of poly{allyl methacrylate-randon-methacrylogy
phosphorylcholine), PAMA-r-MP(}

In thus example, the svothesis of PLAMA-~»-MPC) was performed by ARGET-ATRP.
We first added MPC (8.00 g), AMA (12.0 g}, EBIB (44 .8 ul)}, and methanol (150.6 mL) to
a 250 mL RB flask. The flask was then sealed with a rubber septum and purged with nitrogen
for 25 vunutes. In a separate container, we dissolved copper (1F) bromide (0.0229 g), ascorbic
acid (0.182 g}, and PMDETA (215 ul) in methanol {100 mL). A small portion (938 g} of
this catalyst solution was then added to a 25 mL RB flask, scaled with a rubber septam, and
purged with nitrogen for 15 minutes.

To mitiate ARGET-ATRP, we discharged the contents of the 25 mL RB flask into the
250 mL RB flask using a canula and pressurized nitrogen. The reaction was carried out for
24 hours at room temperature and under stirring. Little to no gelling occurred, indicating that
the allyl groups were preserved during the reaction. To termmnate, the solution was exposad
to oxygen by removing the rubber septum from the 500 mL flask. The copolvmer was
precipitated by slowly pouring the solation nto 1600 mbL of a mixture of hexane and
isopropyl aleohol (5:3 volume ratio). The copolymer was then dissolved 150 mL of methanol
and reprecipitated nto a fresh 1600 mb of a mixture of hexane and isopropy! alcobol (5:3
volume ratio}. The copolvmer pieces and washed in pure hexane for 4 hours under stirring.
The copolvmer was then collecied with filter paper and dried wnder vacuum at room
temperature for 20 hours. The coliected product weighed 6.35 g, which represented a yicld

of 31 .8%. Peak integration confirmed that all ally] groups were preserved.

- 18 -
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Example 1C: Synthesis of poly{allyl methacrylate-randoni-irifluoroethyl methacrylate-
randem-methacryloxy phesphoryicheline), PIAMA-»- TFEMA-~-MPC)

In this cxample, the synthesis of PAMA-~TFEMA--MPC} was performed by
ARGET-ATRP. We fust added MPC (118 g}, AMA (110 g), 2,2 2-nfluorocthvl
methacrviate (TFEMA, 11.1 g), EBIB (70.6 pL}, and methanol (260 mL) to a2 500 mL RB
flask. The flask was then sealed with a rubber septum and purged with nitrogen for 25
minutes. In a separate contaner, we dissolved copper (1) bromide (0.0212 @), ascorbic acid
(0,170 g}, and PMDETA (2004 ul) m methanol 50 mL). A small portion of this catalyst
solution {7.92 g} was then added to a 25 mb RB flask, sealed with a rubber septum, and
purged with nitrogen for 15 minutes.

To mitiate ARGET-ATRP, we discharged the contents of the 25 mL RB flask into the
500 mL RB flask using a canola and pressurized nitrogen. The reaction was carried out for
20 hours at room temperature and voder stirring. Little to no gelling occurred, indicating that
the allyl groups were preserved during the reaction. To terminate, the solution was exposed
to oxygen by removing the rubber septum from the 500 mi flask. The copolvmer was
precipitated by slowly pouring the solation mto 2800 mL of a mixture of hexane and
isopropy! alcohol {1:1 volume ratio}. The copolymer was then dissolved 500 mi of ethanol
and reprecipitated into a fresh 3600 ml of fresh hexane. The copolymer was then purified by
multiple 24 hours hexane washes, collected with filter paper, and dried under vacuum at room
temperatare for 3 days. The collected product weighed 8.22 g, which represented a yield of

24 2%. Peak integration confirmed that all allyl groups were preserved.

Example 2. Formation of thin film composite (TR membrancs from cross-linkabie

zwitterionic amphiphilic copolvmers {(ZACs)

Example 24A: Formation of TFC membranes from P{AMA-7-SBMA)

In this example, membranes were prepared using the polymer described in Example
1A. The copolymer was first dissolved in trifluorosthanol (TFE) at 3-10 w/v%. After
degassing, we cast the sohution ondo a PS ultrafiltration support membrane {(PS335; Nanostone)
using a wire-wound coating rod {(wire size 10; Gardco). We then precipitated the copolymer
onto the support membrane using one of the following four precipitation techniques: (1)
Plunging the coated membrane into a non-solvent bath of isopropyl] alcohol; (2} Leaving the
coated membrane untouched in a chemucal hood for 10 — 60 nunutes to evaporate TFE; (3)

Placing the coated membrane in an 80 °C vacuum oven to achieve rapid TFE evaporation;

- 19 .
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(4) Blowing hot air across the coated membrane surface for 30 seconds with a heat gun to
achieve rapid TFE evaporation. For all precipitation techniques, the membrane was stored in
D water prior to further tosting.

Scanning electron microscopy (SEM) was used to collect cross-sectional tmages of
the resultant TFC membranes. Images were collected using a Phenom G2 pure tabletop SEM
at a 5 kV sctting. Samples were prepared by freeze fracturing in liquid nitrogen, and sputter
coated with Aw/Pd alloy to prevent charging and beamn damage. Figure 3(a) shows a cross-
sectional micrograph of the support membrane, and Figure 3(b} shows that of a TFC
membrane prepared by the first precipitation techmque described in Example 2A, where an
isopropanol bath was used to precipitate the copolymer afier coating. The selective layer is
observed to be a non-porous and ~1 pm in thickness.

Example 2B: Formation of TFC membranes from PAMA-»-MP() containing
photeinitiatoer

In this example, membranes were prepared using the polymer described in Example
1B, blended with a photomutiator that will later be used for cross-hinking. The copolymer was
first dissolved in methanol at 10 w/v9%. We then added a photo-initiator {2—hyvdroxymethyl
propiophenone, HOMP) at a ratio of 1 g photo-initiator / 10 g copolyvmer. This was done to
cross-link the TFC immediately after fabrication {sec Example 3B for the description). Afier
degassing, we coated the solution onto a PES ultrafiltration support membrane (UESO;
Trisep) using a wire-wound rod {wire size 10; Gardeo). We then left the coated membrane
untouched for 10-15 minutes to evaporate the methanol and therelyy precipitate the copolymer
onto the support membrane. The membranes were then either stored in DI water or cross-
timked as will be described in Example 3B.

Scanning electron microscopy {SEM) was used to collect cross-sectional images of
the resultant TFC membranes using methods sinular to those described in Example 24.
Figure 4{a} shows the support membrane, and Figure 4(b) shows a TF(C prepared as described
in this example. The selective layer is observed to be a non-porcus and ~2 um in thickness.
Example 2C: Formation of TFC membranes from PAMA-~TFEMA-~SBMA)

io this example, membranes were prepared using the polymer deseribed in Example
1C. The copolymer was first dissolved m cither TFE or methanol at 10 wiv9%. After
degassing, we cast the solution onto a PS ultrafiltration support membrane (PS35; Nanostone)

using a wire wound rod (wire size 10; Gardeo). We then placed the coated membrane in an
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80 °C vacuum oven to rapidly evaporate the solvent and thereby precipitate the copolymer
onto the support membrane. The membrane was stored 1n DI water prior to further testing.

Example 3. Various methods for cross-linking the copolvmer

Example 3A: Cross-linking of P(AMA-r-SBMA) membranes or copolymer

The following six cross-hnking methods were developed to cross-link the allyl
groups. Methods 1-5 were used to cross-link the selective layer of membranes prepared as
described in Exarple 2A, and Method 6 was used to cross-link the copolymer described in
Example [A.

s Method 1. Photo-uitiated radical cross-linking in the presence of a selective solvent

A membrane disk (4.3 cm diameter) cut from a membrane sheet was first soaked ina
solution of photo-initiator (HOMP) 1 isopropyl alechol at a concentration ranging from 0.3-
4 wt% for 20 punutes. The membrane disk was then pressed flat onto a glass plate (8 cm * 8
e * 0.5 ooy, with the mebrane top facing up and the membrane bottonin contact with the
glass plate. An additional 8 mL of photo-initiator sohution 1n isopropyl alcohol was then
added to cover the membrane and plate, held together by surface tension. A second glass
plate of the same size was then pressed down, thereby sealing the membrane between two
glass plates. A thin hiquid film remained between the membrane top and second glass plate.
The membrane and glass plates were then placed inside of 8 UV light curing chamber (365
nm, 9W/bulb, four bulbs) with the membrane top facing the incoming UV light. The
membrane was then cured for 3 — 30 nunutes. The membrane was removed from the UV
chamber, rinsed with isopropanol and stored in deionized (D) water antil later use.

Method 2: Photo-uitiated radical cross-linking in the presence of a selective solvent

A membrane disk (4.3 om diameter} cut from a membrane sheet was first soaked in
pure isopropyl alcohol for 20 minutes. The membrane was then pressed flat onto a glass plate
(Bem* & om * 0.5 cm), with the membrane top facing up and the membrane bottom in contact
with the glass plate. A custom-made Teflon washer (outer diameter 4.3 cro, inner diameter
4.2 cm, height 0.5 om) was then placed on top of the membrane, thereby covering the outer
edge of the membrane. This configuration left an empty space between the top of the
membrane and the inner face of the Teflon washer with a volume equal to 7.3 mb., This emapty
gpace was then filled with slightly more than 7.3 mL of photo~mitiator (HOMP) in isopropy!l

alcohol {conceniration ranging from 1-14 wit%%}. This was the first time that the membrane

-21 -



WO 2021/232018 PCT/US2021/032793

o

e
W

20

was contacted with photo-initiator Jisopropyl alcohol solution, with the inrention being o
cross-link only the very fop of the membrane selective layer. A second glass plate was then
placed on top of the washer, thereby scaling the 7.3 mb of HOMP/isopropv] alechol fromthe
outside air. The membrane, Teflon washer, and glass plates were then placed beneath a UV
hight curing lamp (365 nm, SW/bulb, one bulb) with the membrane top facing the incoming
UV hight. The membrane was theo cured for 6 ~ 60 minutes. The membrane was removed
from the UV charsber, nnsed with isopropanol and stored in D1 water unti] later use.

¢ Method 3: Thermally mtiated radical cross-linking

A membrane disk (4.3 cm diameter} cut from a membrane sheet was first soaked in a
solution of azobisiscbutyronitrile (AIBNY tsopropyl alcobol (0.01 g / 80 mL) nside of a
sealed container. The temperature was increased to 70 °C overnight. The membrane was
stored in DI water prior to further testing,.

¢ Mecthod 4. Redox imtiated radical cross-hinking

A membrane disk (4.3 cm diameter) cut from a membrane sheet was first loaded nto
a staindess stee] filtration cell (Sterlitech HP 4750}, It should be noted that the stamnless steel
cell was used as a convenient reaction vessel only, and that the system was not pressurized.
Next, 75 g of an aguecous solution of tetramethylethyvlenediamine (TEMED; 3 .9wit%) was
added to the stainless steel cell. The cell was then purged with nitrogen for 2 minutes. The
cell was then briefly opened to quickly add 75 g of an agucous sohution of ammonium
persulfate (APS; 3.9 wi%}. Mixing occurred upon addition of the APS solution. The staindess
steel cell was then quickly closed and fhushed with N2 for an additional 2 munutes. The redox
mitiated radial cross-linking reaction was carried out for 16 minutes. The TEMED/ APS
solution was then empticd, and the membrane rinsed with DI water prior to further tosting.
of selective lavers_containin

¢ Method S Thermallv intiated radical cross-timkan

initiator

The copolymer described in Example 1A was first dissolved in triffuoroethanol (TFE}
at 0.05 g copolymer/ mL TFE. Next, AIBN was added to the copolymer solution (100 g
polvmer / 1 g AIBN). After degassing, a wire wound rod (wire size 10; Gardeo) was used to
coat the copolymer solution onto a PS ultrafiltration support membrane (Nanostone PS35).
After coating, the copolymer was precipitated onto the support membrane by placing the
coated membrane in an 80 °C vacuum oven fo rapidly evaporate the solvent. of TFE. The

elevated temperatores in the oven also initiated radical polymerization to cross-hink the
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hydrophobic domain using this method. The membrane was stored in DI water prior to further
testing.

s Method 6 Thermal cross-linking without an added initiator

The copolvmer described m Example 1A was placed in an aluminum differential
scanning calorimetry (D8C) pan and heated from -80 °C to 210 °C by a lincar ramp of 20
°C/min. Two such heating cycles in total were performed. The DSC themmogram (Figure 5)
shows an exothermic peak centered around 186 °C for the first ramp (Run 1}, but not the
second ramp (Ron 2). This excthermic event was attributed to the thermal cross-linking of
the allyl domain. The copolymer was soluble m TFE before this experiment, but insoluble in
TFE atterwards, which confitms that cross-linking occurred. This procedure could be adapted
for TFC membranes by heating the membrane selective layer to temperatures high enough to
commence thermal cross-linking.

Example 3B, Cross-linking of PIAMA-»-MPC) membranes cast with photoinitiater

The following cross-linking method was developed to cross-link membrane selective
layers containing PAAMA-~MPC) blended with HOMP as a photonitiator, prepared as
described in Example ZB. As mentioned in that example, we added a photoinitiator to the
casting solution so that the photointiator was still present 1n the selective layer after the
formation of the TFC membrane, Immedately after the TFC membrane was formed, we cut
a membrane disk (4.3 cm diameter} from the membrane sheet and placed the disc ander a
handheld UV light curing lamp (365 am, 9W/balb, one bulb) with the membrance top facing
the incoming UV light. The membrane was cured for 15 — 60 mins and stored i DY water
pntil further use.

Example 4, Chanees to Permeance Upon Cross-linking

io this cxample, we determined the changes to permeance upon cross-linking.
Membranes were prepared as described in Example 2A and cross-hinked as described in either
Method 1 or Method 2 of Example 3A. Membrane disks (4.3 cm diameter) were tested using
staindess steel stirred cells (HP4750; Steditech) loaded with DI water. Compressed nitrogen
gas was used to pressurize the cell (250-400 psi). Water permeance Ip, defined as the
volumetric permeate flow rate normalized by the membrane area and the applied pressure
difference during the filtration of DI water, was determined by following permeate flow rate
versus time and calculating the resultant membrane flux. The average mitial permeance was

1.5 L b bar!. Figure 6 shows that the permeance drops significantly upon crosslinking,

23 .



WO 2021/232018 PCT/US2021/032793

o

i
<

i3

20

30

both using Method 1 (Figure 6a) and using Method 2 (Figure 6b). This would be expected
for menmbranes with reduced pore size.

Example 8 Selectivitv-Permeance Tradeoff

In this example, the relationship between selectivity and permeance for cross-linked
PAMA-»-SBMA) membranes 18 explored. Also, the tanability of the separation
characteristics of membranes to desired applications is demonstrated. The membranes were
preparcd as described in Example ZA and cross-linked as described in Method 1 of Example
3A. Membrane disks (4.3 om diameter) were tested using stainless steel stirred cells HP
4750; Sterlitech) loaded with 100-125 mL of the feed solution. Pressure {250 psi — 400 psi)
was applied using compressed nitrogen gas. Concentration polarization was minimized by
stitring the cell at 1000 rpom with Teflon stirrers. Permeance was determined by following
permeate flow rate versus time and calculating the resultant membrane flux. The average
initial permeance was |5 L m? hr! bar!, Solute concentration was measured by cither UV
visible spectroscopy, conductivity, or chenucal oxygen demand (COD). Changes to
selectivity were determined by “rejection” and “selectivity enhancement,” which are given

by the following definitions:
. Cp
Rejection = 100%(1 ~ -5-—)
f:‘

Cpor ” _—
~ A - <P cross—ilinked membranes
Selectivity Enhancement = —s

3
('P.i nitial membranes

where Cp = permeate concentration and Cr = feed concentration. Figure 7 shows that the

rejection increases and that the selectivity enhancement increases exponentially with
decreased membrane permeance for sodinm sulfate (7a), magnesium chioride (7h), sucrose
{7¢}, and nboflavin (7d). These resulis mdicate that cross-linking leads to reduced effective
pore size. The sclectivity of the membrane, as evidenced by the rejection of each solute, can
be tuned over a reasonably broad range by altering the degree of cross-linking, either by
changing the photoinitiator concentration used, and/or by changing the cure time. Decreasing
effective pore size {or increasing the rejection of a given solute} is accompanied by a decrease
n membrane permeance, as is typical for most membrane systems.

Example 6, Sinele-Solute Selectivity of Highlv Cross-Linked Membranes

In this example, the selectivity of highly cross-linked PLAAMA-#-SBMA} membranes
for single-solute solutions was evaluated. Membranes were prepared as described in Example

2A and crosslinked as described in Method 2 of Example 3A. Membrane disks were tested
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as desertbed mm Example 5. Table | shows the feed concentration and rejection of the various
solutes that were tested. A high retention of sugars and sulfate is noted.

Table 1. Rejection of solutes for crosslinked PAMA-~-SBMA} membranes, measured with
feeds comtaining a single solute. The photo-inttiator concentration was 3 w/v% and the cure

fime was S minutes.

Sohute Feed Conceniration (mg/L} Rejection {Va)
Sucrose 4000 99 .0
Glucose 4000 88.7

Glveering 2000 373
NaCl 2000 335

CaCl: 2000 733
MgSOs 2000 98.9
NaxS04 2400 98.7

CasS04 23006 96.1

Example 7. Artificial Seawater Selectivity of Highly Cross-Linked Membranes

Io this example, the selectivity of highly cross-livked PLAMA-~-SBMA) membranes
for antificial seawater was evaluated. Membranes, which were also deseribed in Example 6,
were prepared as described in Example 2A and crosslinked as described m Method 2 of
Example 3A. Membrane disks were tested as described in Example 5. Solute concentration
was measured using TNTPlus kits (Sulfaver and Water Hardness; Hach) and conductivity
measurements. Table 2 shows the feed concentration and rejection of the various solutes that
were tested. A high retention of sulfate, moderate retention of calcium, and low retention of
monovalent ions is noted.
Table 2. Artificial seawater selectivity for crosslinked PCAMA---SBMA) membranes. The

photo-tnitiator concentration was 3 w/v% and the cure time was 5 minutes.

, . Concentration of Feed| Concentration of Permeate
fon Species Rejection {%s}
{myg/L) {mg/l}
Cl 19,462 14,390 28
Na 11,017 8,670 24
Ca 2,529 389 77
SO 2,709 29 98.9
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Conductivity Rejection = 36%

Example 8, Fouling resistance of cross-linked PIAMA-~-5SBMA) membranes

In this example, the fouling resistance of highly cross-linked P(AMA--SBMA)}
membranes was ¢valvated. The membranes were prepared as descrbed m Example 2A and
cross-linked as described in Methods 1 and 2 of Example 3A. Membrave disks (4.3 o
diameter) were tested using stainless steel stirred cells (HP 4750; Sterlitech). The permeance
m DY water was determined as described in Example 4. Afterwards, the cells were loaded
with 300 mL of the foulant sohstion and pressurized to 250 pst — 400 psi using compressed
nitrogen gas. Concentration polarization was minimized by stirning the cell at 1000 rpm with
Teflon stirrers. Permeance was determined by following permeate flow rate versus time and
calculating the resultant membrane flux. After either 12 hours (Figure 8a) or 24 hours (Figure
8b}, the cells were emptied, briefly rinsed, and permeance was again measured as described
m Example 4. Fouling resistance was determined by following normalized flux versus time
during the fouling experiment, where normalized flux is defined by
Lp(t)

“P.DIVW

Normalized flux =

Where Lp{t} 15 the permeance at time t and Lp ppy 15 the permeance of the cross-linked
membrane in DI water before the cross-linked membrane was contacted with the fouling
solution. The membranes were challenged with organic (Figure 8a) and protein (Figure 8b)
foulants. In both cases, the membranes demonstrated exceptional fouling resistance by
showing no irreversible fouling (defined by a normalized permeance of 1.0 for DI water after
the membrane was contacted with the foulant).

Example 9. OGreanic solvent permeance of crossiinked PAMA-r-SBMA) membranes

In this example, the organic solvent permeance of crosslinked PIAMA-~SBMA)
membranes was evaluaied. Membranes were prepared as descabed in Example 2A and
crosslinked as described in Method 2 of Example 3A. Membrane disks were tested as
described i Example 4, but with organic solvenis (methanol and ethanol) instead of DI water.
Figure 9 shows the permeance, which was larger for methanol thas cthanol. More polar
solvents will be mvestigated o futare stadies. The data indicates that the membranes could

potentially serve n organte solvent nancfiltration applications.
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Example 18, SEM Evidence for PIAMA-»-MPOC) Membrane Cross-Linking

In this example, P(AMA-+~-MPC) membranes were prepared as described i Example
28 and cross-linked as descnbed in Example 3B. The casting solution was 10 w/v%
copolymer in methanol with 1 g HOMP per 10 g copolymer. The cure tume was 10-15
minutes. The aim of this experiment was to prove that PIAMA-r-MPC) membranes can be
successfully crosshinked using the cross-linking method described in Example 3B.

To do this, it was shown that the PLAMA-r-MPC) sclective layer of the TFC
membrane becomes insoluble m methanol post-crosshinking. This is proof for crosshinking,
because non-crosslinked PCAMA-+-MPC) s soluble in methanol.

We collected SEM images of the support 10(a), un-cross-tinked TFC membranes that
were not treated with methanol (10b), cross-linked TFC membrane that were cross-linked
and not treated with methanol (18¢}, un-cross-linked TFC membranes that were treated with
methanol (10d), cross-linked TFC membrane that were cross-linked and treated with
methanol (10¢). The images show that the selective layer of the un-cross-hinked TFC was
dissolved by methanol, whereas the selective tayer of the cross-hinked TFC was not dissolved
by methanol. This is proof that PLAMA-#-MPC) membranes can be successfully cross-linked

using the procedure described in Example 3B.

Example 11. Interaction-Based Ton Selectivity Exdubited by Self-Assembled, Cross-

Linked Zwitterionic Copolymer Membranes

Polvmer Svathesis and Membrane Maonufacture

The cross-inkable +ZAC, poly(allvl methacrvlate-r-sulfobetaine methacrylate)
(P(AMA-r-SBMA}) contamning 47 wt% SBMA (Fig. 19A), was synthesized asing Activators
ReGenerated by Electron Transfer Atom Transfer Radical Polymernization (ARGET-ATRP).
This copolymer composition was selected as it was expected to mucrophase scparate into a
bicontinuous morphology leading to highlv permeable yet stable selective layvers. The
copolymer composition closely matched the monomer ratios in the reaction mixture despite
the reaction being stopped at ~10% conversion, implying a roughly random sequence of
manomers. Using gel permeation chromatography (GPQ), it was determained that the number-
averaged molecular weight was 1.8 x 10° Da with a dispersity of 5.4. This copolymer was
rod-coated onto a commercial ultrafiliration membrane support (PS33, Solecta) and dried
using a heat gun, resufting 1 TFC membranes with an ~450 am-thick selective layer (Fig.

184). TFC membranes were then soaked n a sohution of photo-nitiator in isopropy! alcohol,
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which swells the hydrophobic nanodomam but not the zwiiterionic nanochannels. Exposure
to UV light for 20 minutes led to the crosslinking of the allyl groups of AMA, reducing the
nanochannel diameter to <1.0 nm. The resultant membrane, ZAC-X, exhibited a water
permeance of 0.37 L o™ hr? bar.

Rejection of Sodivm and Chloride Salts.

Water and small solutes permeate r-ZAC TFC membranes through a network of self-
asserubled zwitterionic nmanochanncls (Fig. 19B). Uslke previous -ZAC membranes,
however, ZAC-X possesses exceptionally narrow nanochamnels (<1.0 nm). Due to
confinement, it is expected that permeating ions are foreed to intimately interact with the Z1
groups lining the nanochannel wall of ZAC-X. This would provide a clear mechanism to
achieve interaction-based selectivity, since mteractions are known to simuhancously affect
partitioning and diffusivity. Experimental and simulation studies indicate that SB groaps
preferentially bind with weakly hydrated anions {e.g ClOs7) over strongly hydrated anions
{e.g. SO4>). SB-cation interactions are comparatively weaker, although they can stilf distupt
ZI-Z1 pairs,

To study the effect of SB-anion and SB-cation interactions on membrane selectivity,
the rejection of various sodium (NaX} and chlonde (MCU) salts was measured (Figs. 20A-
268) at 20 oM feed concentration and 2350 psi operating pressure. Rejection varied broadly
among sodium salts with different anmions (NaX). The vanation was unusually wide among
anions with the same valence, from 21% for NaClOs to 91% for NaF. This clearly
demonstrates the unusual ability of crogs-linked r-ZAC membranes to separate tons based on
their chemical structure. The rejection sequence followed NaCl(u ~ Nal < NaBr < Na{ll <
NaF < NanSQO:s (Fig. 20A). This order closely follows Zi-anion interactions, with lower salt
rejections corresponding to more favorable ZI-anion interactions. The retention of NaxSQO4
was extremely bigh (99.4%;), tikely bocause 8B-S04% interactions are highly unfavorable.

In contrast, the rejection of chloride salts with different cations (MC1) 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, 208). The
rejections of Ba®" and Mg”" are comparable with that of sinularly sized veutral solutes
(~90%;), implying a size exchusion mechanism. This also explains the sinular retentions of
Cs*, Na*, and Li", because non-interactive membranes also demonstrate similar rejections

of salts containing these cations.
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Serption and Permselectivity

To determine the mechanism for the observed selectivity, the salt partition coefficient
(£} of the sodium salts via salt uptake experiments was measured (Fig, 22A). K exactly
followed the order of Zi-anion interaction propensity, indicating that favorable Zl-amon
mteractions lead to enhanced salt partitioning. This result explains why lower retention/ faster
permeation rates were observed for salts with more favorable Zi-anion interactions (Fig, 20,
Fig. 21). Notably, the copelymer demonstrated preferred sorption of NaClOs and Nal over
water, with Kvaoios and Kwvw exceeding the analogously defined water sorption coefficient
(£, Fig. 22A). This preference for salt sorption over water sorption is rarely observed i
membrane systems, and hikely suggests extensive interactions. Furthermore, such high salt
partitioning relative to water could only be possible if a large portion of the partitioned ons
were favorably interacting with the Zis. Indeed, NaClQOs was absorbed so extensively that it
was enriched in the copolvmer phase relative to the bulk solution (Kvacios = 1,45},

To further investigate selectivity, the permeabdity (Ps) of NaCl04, Nal, NaBr, NaCl,
NaF, and NaxSOs over a wide range of feed concentrations was measured (Fig. 22B). For
lower salt concentrations (20 — 60 mM), Pracios = Paa > Prasr > Praci > Prar >> Prazsos was
observed. With the exception of Pracios = Pya, this trend of cxactly follows the order of Z1-
anion interaction propensity. While the effects of size exclusion are difficult to isolate, thus
result llustrates that excellent interaction-based permselectivity was accessed. For instance,
the permeability of NaClQs was 39 times greater than that of NaF at 20 mM foed
concentration, despite the <0.2 A size difference between C104 and F~.

Salt permeability appeared to increase with feed concentration for all salts except
NaClOs (Fig, 228} This reflects a slight increase in salt diffusivity, because the partition
cocfficicnts remained constant with external salt concentration for 20 — 500 mM. For
uncharged polvmers, salt diffusivity generally remains constant with feed concentration.
Poly{Zls) are known to be salt-responsive, however, undergoing conformational changes
through the antipolyelectrolyte effect. This phenomenon may bhave led to small molecular
rearrangements within the nanochannels, causing salt diffusivity and pernmeability to shightly
mcrease with feed concentration. The exact mechanism underlying this rearrangement is still
unclear, however, because stronger Zl-anion interactions did not correspond to a greater
dependence of Ps on foed concentration. Interestingly, the order of permeability changed to

Erai > Pracios % Puasr > Pract > Par >> Prazsos at the highest feed concentration (300 mM),

- 20 .
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despite the dependence of Ps on feed concentration being relatively weak. This change m the
P sequence occurred becaase £y increased for all salts except NaCiOa.

Salt diffusivities (Ds) were calculated using the measured values for s and s (Eq. 2,
Fig. 22C). In contrast o partitioning, diffusivity is not expected fo be enbanced by favorable
mieractions. For a Zl-complexed ion to execute a diffusion hop, it mast first break the
transient bond with the Z1. This process contributes to the diffusion energy barrier. The strong
dependence of Ks and £ on Zl-asion interaction propensity suggests that extensive Zl-ion
mieractions occur within the nanochannels. Therefore, favorable ZI-anion interactions were
expected to result in lower diffusivity. Interestingly, Drase ~ Drvaci > Dvar > Diecios ~ Dvar
>> Diwassos was observed over the full range of feed concentrations (Fig, 22C). The anions
of the first four salts in this sequence, T, Br, CT, and ClOy, are similarly sized. Theretore,
this result suggests that Br and Cl had similar binding strengths, T had slightly stronger
binding than Br and Ct, and ClOy had stronger binding than U, This resalt agrees well with
the salt partition coctficients (K5}, because the high values of Kvar and especially Kvacios
suggest extensive and favorable Zi-anion mteractions. The lower diffusivity of NaF was
tikely due to the larger size of ¥ compared to ClOs, T, Br, {1,

The diffusivity of NaxSOs, the salt with the largest and least interactive anion, was
substantially lower than that of the other salts {Fig. 22C). While the larger size of SGu* likely
contributed to its slower diffusion, this may also suggest that S04 binds more tightly to SB
within the pores than the other anions. This is not contradicted by the net-unfavorable SB-
SO4% interactions suggested by the low K of Naz8Q4, which simply implies that S04 prefers
to occupy the bulk solution mstead of the nanochannels. Once in the nanopores and in contact
with 8B groups, the -2 charge of S04 may lead to stronger Coulombic interactions.
Additionally, the greater size of S0O4> may force the anion to shed water molecules from its
second and possibly first hydration shell 1o squeeze mio the nanochanvel. This would force
SO4* 1o form tight Zl-anion bonds to compensate for dehvdration. This phenomenon could

possibly apply to F~ as well, although to a much lower extent.

Chiloride-Fluoride Separation

Despite the similar size and equal charge of CI and ¥, Na('l permeated much faster
than NaF through ZAC-X due to favored ZI-Cl interactions (Figs. 22A-22C). This selectivity
is 1deally suited for the removal of fluonide from drinking water. Excessive NaCl rejection

necessitates remineralization, adding to separation cost and complexity. ZAC-X is also highly
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resistant to membrane fouling. Indeed, ZAC-X, similar to other r-ZAC-based membranes,
exhibits no measurable trreversible fouling when exposed to various foulants, fully retaining
its performance even with challenging feeds .

While these results are promising, membrane selectivity often declines with complex
feeds. equmolar mixtures of NaCl/ NaF was filtered (Fig. 23A) to confirm that Na(’l does
not reduce the €1/ F selectivity inferred from the single-salt filtration experniments. Fig. 23A
shows normalized fluoride flux (Newmd/ ACr) and fluoride rejection vs. iovis strength (6 for
NaF-only (single) and equimolar NaCl/ NaF (nuxed) solutions. Normahized fluonide flux and
flooride rejection were identical for the single-salt and mixed-salt solutions of matching 7,
mndicating that chloride had a limited apparent effect on fluoride transport bevond
contributing to the total ionic strength. The total salinity of the feed solutions ranged from
slightly brackish (500 ppm) to heavily brackish (3,000 ppm), demonstrating that ZAC-X can
successtully filter fluoride from realistic drinking water sources at a reasonable operating flux
{6 — 7L ov? hr!). Fluoride rejection ranged between 92.5 — 88.1%, high enough to reduce the
fluonde content to below the WHO limit (1.5 ppoy for problematic water sources from US,
Torkey, Germany, China, and possibly India.

ZAC-X exhibits >2x the highest CI/ F selectivities of state~of-the-art commercial
NF (3, 47-50) and layer-by-layer membranes (Fig. 23B) without any atterapt to optimize #s
performance in this regard. In comparison, the uncross-linked r-ZAC membrane

demonstrated low CI/ F selectivity due to low retention of both Na{ll and NaF (Fig. 23B).

Example 12. Zwiticrionic fon-Selective Membranes with Tunable Sub-Nanometer
Pores and Excellent Fouling Resistance

Cross-Linkable r-ZAC Svnthesis and Characterization,

The cross-linkable rZAC by copolymerizing cross-hinkable allyl methacrylate
{AMA) and zwitierionic sulfobetaine methacrylate (SBMA) via activators regenerated was
synthesized by electron transfer atom transfer radical polymerization {ARGET-ATRP) (Fig.
25A%. AMA contains two reactive sites, but the methacrylic double bonds are more reactive
thao the allvlic double bonds. Most allyl groups are preserved when using a controlled radical
polymenization technigue such as ARGET-ATRP, particularly when reaction conditions are
selected carcfully, 7e. ambient temperature, low converssion, and low  monomer
concentration. Using this approach, linear r-ZACs with extensive allyl functionality was

obtained (Fig. 258). The copolvmer composition {53 wi% AMA} closely matched that of the
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reaction mixture (60 wi% AMA} at ~10% conversion, suggesting a near-random repeat unit
sequence. Despite this low conversion and the mild reaction conditions that were employed,
the copolymer chains were reasonably large (45 - 60 nm, correspondingto 20 x 108~ 26 x
10 g/mol based on polyacrylonitrile standards in dimethylformamide) based on dynamic
Hght scattering (DLS) measurements. Peak integration of the TH-NMR spectra indicates that
essentially every allyl group was preserved, corroborated by the absence of gel formation
during the syothesis.

The abundant allyvl groups cnabled facile cross-linking by UV-mitiated photo-
polymerization {Fig, 25C}. In onc demounstration, a gel was formed by exposing a sohition
of copolymer {3 wit%;} and photo-initiator {5 wi%) to UV light. In another demonstration, a
free-standing copolymer film equilibrated with a 3 w/v% solution of photo-tutiator/
isopropyl alcohol was exposed to UV light. This treatment rendered the copolvmer film
msoluble in trifloorocthanol (TFE), confirming cross-linking.

Microphase separation in the copolymer was confirmed by difforential scanning
calorimetry {DSC, Fig. 25D}, which showed a single glass transition temperature {(7g) of
154 °C. No transitions were observed arouvnd the 7, of P(AMA), ~54°C. The measured 75 is
significantly higher than 115°C, the value predicted if the copolymer was a homogeneously
mixed single phase using Fox equation {eq S1). This imphies that the measured 7y is
assoctated with the zwitterion-rich domain. This domain hkely himits the mobility of polymer
segments in the bordering AMA-rich hydrophobic domain due to the high degree of
mterconnactivity, thereby obscuring its lower temperature glass transition. This is consistent
with the behavior of other r-ZACs that microphase separate to form bicontinuous networks
of ~1 - 2 nm hydrophobic and zwitterion-rich domains. The self-assembled morphology was
characterized by transmission electron microscopy (TEM, Fig. 25K} The zwilterionic
domains were positively stained by inumersion in 2% CuCl, resulting in the formation of
sulfobetaine-copper complexes. T was observed a bicontinuous network of percolated
zwilterionic nanochannels (dark regions) surrounded by the hydrophobic/ cross-linkable
phase (light regions), consistent with previously reported r-ZACs. The fast Fourier transform
(FFT) of the TEM image lacked directional features (inset of Fig, 28K}, indicating a
disordered network. To determine average nanochannel width (D), the periodic mtensity from
the FFT was plotted against the reciprocal of the corresponding spatial frequency. The

characteristic length scale given by the outer ring of the FFT was J = 2.8 nm, corresponding
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to an average nanochannel width of D = 1.4 nm, corresponding to zwitterionic domam width
1 the dry state.

Membrane Fabrication and Cross-Linking.

Un-~cross-linked t-ZAC TFCs, termed ZAC-0, were prepared by coating a solution of
P(AMA--SBMA) in TFE onto a commercial ultrafiltration (UF) membrane as a porous
support {PS33, Solecta). Resultant selective layers were ~300 - 500 nm m thickness (Fig.
26A). The membrane morphology was somewhat irregular, likely due to rapid solvent
evaporation. The average permeance, defined as water flux nommalized by operating pressure,
was 1.5 Lo bt bar'!, While this permeance is comparatively low for most NF membranes,
it can be drastically enhanced by mmproved manufacturing methods that decrease coating
thickness and enhance the interconnectivity of zwitierionic domains. For instance, the use of
ionic liquid additives i the coating solutions used to make r-ZAC membranes have increased
the permeance by up to 50 times without loss of selectivity.

The effoctive pore size of ZAC-0 was estimated to be §.36 nm based on a fit to the
Donnan Steric Pore Model, ZAC-0 exhibited relatively low retentions of NaxSGs (67%),
Mgl (329}, and Na{'l (9.1%), similar o that of previously reported r-ZAC membranes and
i agrecment with previous data indicating hydrophobic domain chemistry has a limited
effect on pore size.

To cross-hink the copolymer selective layer and thereby tune nanochannel diameter,
LAC-0 orequivalent PAAMA-r-5BMA} filigs were first equilibrated with a solution of photo-
mitiator {2-hvdroxy-2-methylpropiophenone) in isopropanol (Fig. 26B). UV wrradiation then
mitiated radical polymerization of the allvlic double bonds in the hvdrophobic phase, cross-
limking the membrane selective layver (Fig. 26C) Attenuated total reflectance Fourier
transform infrared (ATR-FTIR} spectroscopy of PEAMA-»-SBMA ) films showed a reduction
in the ~CH=C allyl peak intensity upon curing (Fig. 261), confimung that a large fraction of
the allvl groups reacted. UV curing also rendered the PAMA-r-SBMA) selective layer of
TFC membranes insoluble in TFE (Fig. 26E), providing further evidence for cross-linking.

Water uptake measurements indicated that cross-linking reduced the agueous
swelhing of PAMA-~-SBMA)} films (Fig. 26F). Smce polar solvents such as water
preferentially swell the zwitteriome domain of microphase separated r-ZACUs, this implies
that cross-linking prevents the nanochannels from expanding in water and provides a clear
mechanism for pore size reduction. The zwitterionic nanochannels were less swollen when

equilibrated with the isopropanol/photo-imitiator solution than with water. Hydrophobic
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plasticizers preferentially swell the hydrophobic domamn of microphase separated r-ZACs,
minimally penctrating the zwitterionic domain due to unfavorable interactions; SBMA and
poly(SBMA} are both insoluble in isopropanol. Upon cross-linking, the membrane was
trapped in this low-swelling state, reducing subsequent aqueous swelling and thus resulting
i a smaller effective pore size. Higher degrees of cross-linking restrict swelling more,
reducing the pore size to a greater extent. The water uptake of the cross-linked films was
24%, which is within the typical range for the selective layer of polyamide NF membranes.

Funing of Membrane Selectivity.

To determine how cross-linking affects membrane performance, normalized
permeance (Lr*) was defined to quantify the decrease i the water flux through the
roernbrane upon cross-linking:

Ly

=4 (tywhere Lp and Lpmiia are permeances of the

L=

fal

cross-linked membrane and ZAC-0, respectively. Permeance decreased upon cross-linking,
resulting in Lp* < | (Fig. 27A). Reaction conditions expected {o result in higher degrees of
cross-linking, specifically longer cure times (5 -~ 20 mins} and higher photo-initiator
concentrations (0.30 - 4.0 w/v¥%}, led to greater permeance decreases (Fig. 274).

To clearly demonstrate permeance decrease upon cross-linking leads to atunable shift
i the effective pore size, a series of neutral solutes using ZAC-0 and membranes cross-linked
was filtered to varying extents (Fig. 27B, Table 3). The effective pore size of cach membrane
was fitted with a single pore diameter using the Donnan Steric Pore Model. Lower permeance
corresponded to smaller pores, with the effective pore size ranging from 1.36 nm for ZAC-0
to 0.94 nm for the most highly cross-linked membranes. This resalt clearly illustrates that the
membrane pore size was tuncd by the extent of cross-linking. Interestingly, a single pore
diameter was successfully fit to each membrane, suggesting that the pore stze distribution of
these membranes were hikely relatively narrow and the pore shrinking process was uniform
and well-controlied.

Table 3. Estimated pore size obtained from neutral solute rejections. The pressure was 2350

psi.
. Stokes diamcter L Fitted pore
* Solute . ciection (% . ;
Ly solut: fom) Rejection (%) diameter (nm)
. Sucrose 0,958 997 nia®
0.23
Glucose 073 91 0.998
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Xylose 0.654 R 0.99]
Glyeerol 047" 483 0.838
Average 0.943
VBi2 1.48% 998 n/a®
Sucrose 0.958 087 1.076
0.45 Glucose 0.73® 833 i1
Xylose 0.654 ¢ 705 1104
glycerol 0479 37.1 0.943
Average 1.06
VBi2 p4g@ 39 4 nia®
Suacrose 0.958% 983 1.094
0.64 Glucose 0.73 b"‘ 743 1.224
Kylose 0.6549 579 1.266
Glyeerol 0479 272 1114
Average 117
VB2 1482 998 nfa®
Raffinose 1.149 962 1.386
‘ Sucrose 0.958% 91.1 1.307
. A‘i”g{«j&su Glucose 073 649 1,365
’ Xylose 0.6549 504 1.394
Glyeerol 047 225 n/a®
Average 1.36

YReported by Bowen;'® PCalcnlated by Gin®® using the eq S10; @ Caleulated using eg
S106;22 dNot caleulated because rejection was effectively 100%: 9Not caleulated because
rejection was below 25%.

o

The data acquired also indicate these membranes can potentially be used to separate
sugars based on size, and to scparaie monosaccharides {e.g glucose, xylose) from
disaccharides {e.g. sucrose}. For instance, membranes with Lp" of 0.45 and 0.64 exhibit
sucrose rejections of »98%, corresponding 1o a glucose/sucrose separation factor of 12.8 and
15.1, respectively. Xylose rejections were ~70% and ~38%, corresponding to xylose/sucrose
o separation factors of 22.5 and 248, respectively. This show the potential for use of these
membranes for effective mon-/di-saccharide separation.

To further characterize the tuning of selectivity, mverse normalized permeate
concentration {1/Ce*} was defined to quantify how the selectivity between solute and water

changes upon cross-linking:
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Where Cp and Cpunar 1€ permeate concentrations, Juohve and Jeotie inina are solute fluxes, and

Jw and Sy i are water fluxes through the cross-linked membrane and ZAC-0, respectively.
A high 1/ Cp* implies an enhancoment i water/solute selectivity, likely due to pore size
reductions.

VCp* inecrease exponentially with decreasing Lp® for both neutral solutes {(sucrose,
riboflavin} and salts (Na2S04, MgClz), with the full range of cross-linking conditions falling
outo a single master curve for cach solute (Figs. 27C-27E). This further confums that cross-
tinking leads to a reduction in pore size. 1/Cr¥ increased much less for NaCl (Fig. 27F). Such

precise and simple tuning s not feasible with the state-of-the-art NF membrane chemistry.

Fouling Resistanice of Highly Cross-Linked Membranes.

Fouling is a major challenge for membrane treatment of high-organic-content
streams, donunating operating costs and significantly mpacting the cconomic and techuical
feasibility of membrane treatment. Exceptional fouling resistance represents a key feature of
previous r-ZAC membranes, which resist foulant adsorption duc to the hvdrophihaty of the
zwitierionic nanochannels,

To determine if this antifouling property is ohserved 1n the highly cross-linked r-ZAC
membranes with sub-panometer pores, we challenge the most highly cross-linked
membranes, termed ZAC-X, to two fouling expeniments (Figs. 28A-28B) ZACX
demonstrated exeeptional fouling resistance against a solution containing key foulants
surface water, scawater and wastewater streams, comprising humic acid, sodium alginate,
and CaCl: {Fig. 28A). The membrane exhubited only munor fhux decline during the
experiment, likely due to cake deposition. Flux recovery was complete after a simple water
rinse, demonstrating complete resistance o irreversible fouling. NF90, a commercial PA-
TFC membrance that was tested as a control, demonstrated greater flux dechine during the
fouling experiment and suffered from wreversible flux loss.

ZAC-X also demonstrated excelient resistance to fouling by a solution of bovine
serum albumin {BSA} and 10 mM Cally, a protein system known for its high fouling
propensity (Fig. 28B). Mimimal flux decline and onlv 4% trreversible flux loss was observed,
consistent with previous investigations of sulfobetaine-based r-ZAC membranes. NP030, a
commercial PES-TFC NF membrane that was tested as a control, suffered 45% irreversible
flux loss. Collectively, these results iHustrate that the exceptional fouling resistance of -ZAC

membranes is not compronused when the nanochannel diameter is reduced to < 1.0 nm.
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Selectivity of Highly Cross-Linked Membranes.

The most highly cross-linked membranes, termed ZAC-X (Figs. 27A-27F, Figure
28A-288), exhubited extremely small, monodisperse pores (Fig. 278). a > 99% retention of
sucrose was observed (Figs. 27B and 278}, ~1 nm neatral solutes that freely pass through
advanced BCP membranes designed for small molecule retention and molecular separations.

The sub-nanometer effective pore size suggests that ZAC-X can exbibit high
selectivity between mono- and divalent ions, because the hvdrated diameters of some divalent
ions (8047 and Mg®™) are in this size range, whereas Na™ and €l are smaller. Suech
membranes are extremely valuable for energy- efficient removal of divalent ions from saline
solutions, with applications in water softening, ot recovery, and the chlor-alkali process. For
example, offshore oil production rigs require bifhions of gallons per day of treated water for
enhanced od recovery. They need to further manage large amounts of produced water
recovered along with oil and gas, treating them to sufficient quality for either discharge or
reuse. Sulfate ions are undesired in these fhnds due to their potential for scaling, and due to
the presence of sulfate-reducing bacteria that convert i to toxic, corrosive HzS down many
bore holes. While RO and NF membrancs are capable of high selfate removal, thoy also reject
Cl, present in much higher concentrations in seawater and frac water used as feeds. This
results n high osmotic pressure differences that necessitate high-pressure operation and
energy-intensive processes. A membrane that selectively rejects sulfate while allowing the
passage of monovalent ions would enable lower-pressure, more energy-cfficient operation.

To investigate ion selectivity, the rejection of various salts was first measured. 20 mM
solutions was filtered at a consistent flax (6.3 —~ 6.9 L m™? hr'l) through ZAC-X and a state-
of-the-art commercial NF membrane, NFOO (Figure 6a). ZAC-X exhibited a 99.4% rejection
of Na:SOs and MgSOs, higher than NFO0 (98.8% for NaxSO4, 99.2% for MgSQO4). ks
rejection of chlornide salts was lower than that of NF90. This tllustrates that ZAC-X has
superior selectivity, effectively sieving divalent tons while passing monovalent 10ns. Low
NaCl retention significantly decreases the osmotic pressure difference during operation,
enabling lower trans-membrane prossures.

For the smgle salt filiration experiments (Fig. 29A), ZAC-X achieved S(NaCl/
NeaSO4) = 101, This sclectivity surpasses that of nearly every filtration membrane reported
to date, mcluding state-of-the-art polyanude TFCs and TFNs (Fig. 24B) Other self-

assembled copolymer membranes show comparatively negligible CI/SGs™ selectivity (Fig.
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248), further distinguishing the performance of cross-linked r-ZAC membranes. This precise
CI/8047 separation was enabled by the exceptionally small nanopores obtained using our
novel cross-linking approach. Inmterestingly, ZAC-X demonstrated far lower selectivity
towards cations {e.g. S{NaCl/ MgClz =7.9).

ZAC-X was then challenged with artificial seawater, a highly saline mixture
containing appropriate amounts of Na™, Mg?*. Cl and $04%, and measured the retention of
cach 1on at the same water flux used for the single salt solutions. The rejection of each ion
by ZAC-X closely matched the rejections obtained for the single salt solutions (Fig. 29B).
ZAC-X achieved S{CHS0F) = 75 with the artificial seawater, confirming that cross-limked
r-ZAC membranes can perform highly selective separations with challenging and complex
feedstocks (Fig. 248). Tn comparison, NF9(0 showed only SfCI/S0.%) = 18, due to its lower
retention of $04% and higher retention of CI.

While filtering artificial seawater, the effective osmotic pressure difference during
this experiment for ZAC-X was calculated to be ~170 psi. This value was around 270 - 290
pst for NF99, due to the higher NaCl rejection. As a result, even though the permeance of
ZAC-X (0,40 L m™ hr? bar!) was substantially less than that of NF90 (7.0 L m™ hrl bar'y,
the two membranes required relatively sinular pressures to filter artificial scawater at 6 L oy

2hrt {400 psi for ZAC-X and 300 psi for NF90),

INCORPORATION BY REFERENCE

All of'the U.S. patents, and U.S. and PCT published patent applications cited herem

are hereby incorporated by reference.

EQUIVALENTS

The foregoing written spectfication is considered to be sufficient to enable one
skilled in the art to practice the invention. The present invention is not to be lunited in
scope by examples provided, simce the examples are intended as a single illustration of one
aspect of the invention and other fimctionally equivalent embodiments are within the scope
of the invention. Various modifications of the invention in addition to those shown and
described herein will become apparent to those skilled o the art from the foregoing
description and fall within the scope of the appended claims. The advantages and objects of

the tnvention are not necessarily encompassed by each embodiment of the invention
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We claim:

1. A copolymer for use in membrane filters, comprising a plurality of zwitterionic repeat
units, and a plurality of hydrophobic repeat units;

wherein at least some of the hydrophobic repeat units each independently comprise
a cross-linkable moiety; and

wherein the copolymer is poly((allyl methacrylate)-random-(sulfobetaine
methacrylate)), poly((allyl methacrylate)-random-(2-methacryloyloxyethyl
phosphorylcholine)), or combinations thereof.

2. The copolymer of claim 1, wherein the copolymer has a molecular weight of 10,000
to 10,000,000 Dalton; or a molecular weight of 20,000 to 500,000 Dalton.

3. The copolymer of claim 1 or 2, wherein the zwitterionic repeat units and the
hydrophobic repeat units each constitute 20-80% by weight of the copolymer.

4. The copolymer of claim 3, wherein the zwitterionic repeat units constitute 25-75% by
weight of the copolymer, and the hydrophobic repeat units constitute 25-75% by weight of
the copolymer.

5. The copolymer of any one of claims 1 - 4, wherein the zwitterionic repeat units
constitute 25-75% by weight of the copolymer, and the copolymer has a molecular weight of
20,000 to 100,000 Dalton.

6. A cross-linked copolymer network, comprising the copolymer of any one of claims 1-

7. A thin film composite membrane, comprising a porous substrate, and a selective
layer comprising the cross-linked copolymer network of claim 6, wherein the average
effective pore size of the porous substrate is larger than the average effective pore size of
the selective layer; and the selective layer is disposed on top of the porous substrate.

8. The thin film composite membrane of claim 7, wherein the selective layer has an
average effective pore size of 0.1 nmto 2.0 nm; 0.1 nmto 1.2 nm; or 0.5 nm to 1.0 nm.

9. The thin film composite membrane of claim 7 or 8, wherein the selective layer has a
thickness of 10 nm to 10 um; or a thickness of 100 nm to 2 um.
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10. The thin film composite membrane of any one of claims 7-9, wherein the thin film
composite membrane rejects charged solutes and salts.

11. The thin film composite membrane of any one of claims 7-10, wherein the selective

layer exhibits sulfonate (SO4?) rejection of greater than 99%.

12. The thin film composite membrane of any one of claims 7-10, wherein the selective
layer exhibits sulfonate (SO4%) / chloride (CI') separation factor of greater than 50 or

separation factor of 75.

13. The thin film composite membrane of any one of claims 7-10, wherein the selective
layer exhibits different anion rejections for salts with the same cation.

14. The thin film composite membrane of any one of claims 7-10, wherein the selective
layer exhibits different anion rejections for salts selected from NaF, NaCl, NaBr, Nal, and
NaClOs,

15. The thin film composite membrane of any one of claims 7-10, wherein the selective
layer exhibits a fluoride (F") / chloride (CI') separation factor of greater than 5 or separation
factor of 8.

16. The thin film composite membrane of any one of claims 7-10, wherein the selective
layer exhibits different rejections for monosaccharides and disaccharides.

17. The thin film composite membrane of any one of claims 7-10, wherein the selective

layer exhibits a glucose / sucrose separation factor of greater than 10.

18. The thin film composite membrane of any one of claims 7-10, wherein the selective
layer exhibits a xylose / sucrose separation factor of greater than 18.

19. The thin film composite membrane of any one of claims 14-18, wherein the selective

layer exhibits resistance to fouling by an oil emulsion.

20. The thin film composite membrane of any one of claims 14-18, wherein the selective

layer is stable upon exposure to chlorine bleach (e.g., at pH 4).

21. The thin film composite membrane of any one of claims 14-20, wherein the selective
layer exhibits size-based selectivity between uncharged organic molecules.

22. The thin film composite membrane of claim 21, wherein the selective layer exhibits
rejection of > 99% for neutral molecule with hydrated diameter of greater than 1 nm.
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