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ABSTRACT: The versatility of membranes is limited by the narrow range of material chemistries
on the market, which cannot address many relevant separations. Expanding their use requires new
membrane materials that can be tuned to address separations by providing the desired selectivity
and robustness. Self-assembly is a versatile and scalable approach to create tunable membranes
with narrow pore size distribution. This study reports the first examples of a new class of
membrane materials that derives state-of-the-art permeability, selectivity, and fouling resistance
from the self-assembly of random polyampholyte amphiphilic copolymers. These membranes
feature a network of ionic nanodomains that serve as nanochannels for water permeation, framed
by hydrophobic nanodomains that preserve their structural integrity. This copolymer design
approach enables precise selectivity control. For example, sodium sulfate rejections can be tuned
from 5% to 93% with no significant change in pore size or fouling resistance. Membranes

developed here have potential applications in wastewater treatment and in chemical separations.



1. INTRODUCTION

Chemical separations account for approximately half of the industrial energy consumption in the
United States.! Compared with other unit operations (e.g., distillation, extraction,
chromatography), membranes are excellent candidates for achieving efficient separations: they are
scalable, energy efficient, and already widely used in gas and liquid separations.? However, their
use in many applications is limited by their separation capabilities, fouling resistance, and chemical
resistance.’ Broadening the use of membranes to new separations requires the development of new
membrane materials that enable us to tune membrane selectivity to fit increasingly specific
separations, while resisting fouling by the feed components.

For example, numerous industrial water recovery and reuse applications require selective
removal of organics and divalent ions (e.g., Mg?*, SO42"), while allowing the passage of NaCl.*?
Commercially available nanofiltration (NF) membranes have high rejections of these divalent ions,
but also exhibit high NaCl retention, which demands higher pressures to overcome osmotic
pressure differences and, consequently, incurs higher costs.® Moreover, these membranes are
highly prone to fouling, quickly losing their permeability when exposed to complex feeds that
include biomacromolecules. They are also sensitive to chlorination.” As a result, fouling
management requires added process steps, leading to increased process complexity, cost, and
energy use.”®

Biological separations are particularly challenging applications for membranes. The broad range
of specific separations needed in these applications require tunable membranes that can be easily
tailored to a given target application.* *-1° It is widely accepted that biological drugs, like proteins,
peptides, antibody-drug conjugates, and nucleic acids, will play a major role in the future of

pharmaceuticals.!! These active pharmaceutical ingredients present complex molecular structures



with varying sizes and net charges, making efficient separations difficult and costly. Therefore, it
is important to develop robust membrane technologies that can keep up with the rapid pace of
novel and complex molecules used as clinical therapeutics.'?

The separation of small organic molecules of similar size but different charges holds great value
for several other applications, especially in the extraction and purification of pharmaceutical and
nutraceutical compounds such as small molecules, amino acids, peptides, and antibiotics.!*!”
Charged membrane materials with pore walls featuring a fixed net-charge (positive or negative)
can achieve this by favoring the passage of solutes that are uncharged or of opposite charge while
hindering the passage of co-ions.!® Traditionally, commercial ultrafiltration (UF) and NF
membranes display net-negative charges and broad pore size distributions. These characteristics
hinder their usage in numerous applications where highly selective separations are required. While
several approaches targeting highly selective separations are being developed, many rely on
extremely complex functional materials that lack scalability and ease of manufacture.'®2°

As mentioned previously, membrane fouling is a major challenge that severely limits the broader
use of membranes, particularly in applications where feeds have high concentrations of
components such as biomacromolecules, particulates, and/or oil. Thus, it is crucial to consider
fouling prevention when designing novel membrane materials. Fouling is one of the most relevant
fields of study in membrane filtration and is a major obstacle to improving the performance of
membrane separation processes.”! One possible approach to creating high fouling resistance
membranes is to mimic zwitterionic chemistries that are already widely accepted as highly fouling
resistant.??%

Self-assembly of functional polymeric materials is a powerful tool for designing functional

membranes with new capabilities, manufactured through highly scalable processes.!® 2°?® These



materials often offer enhanced selectivity through the formation of monodisperse, tightly packed
pores with pore sizes controlled through polymer chemistry, architecture, and the manufacturing
process.??3? Self-assembling polymers can also be designed to form controlled surface and pore
chemistry. This can lead to highly fouling-resistant membranes.???* 3! These material properties
can lead to membranes capable of highly selective separations.*?

While the literature on the self-assembly of block copolymers is extensive,!'® 3334

other polymer
architectures are needed to access pore sizes <~2 nm. Such small pores are necessary for some
particularly interesting separations, including the separation of similarly sized organic compounds
and ions.?* 2-*% Random copolymers of highly incompatible monomers have been shown to form
membranes with <2 nm pore sizes.?*?*3%32 Random copolymers are easily polymerized and their
fabrication is highly scalable.>> For example, random zwitterionic amphiphilic copolymers (r-
ZACs), which combine a hydrophobic monomer with a zwitterionic monomer, can create
bicontinuous structures with great potential in membrane filtration. Most r-ZAC membranes have
been shown to have an effective pore size around 1.5 nm, narrow pore size distribution, and
excellent fouling resistance.??">* The effective pore size can also be decreased by UV cross-linking
of specially-designed r-ZACs, leading to membranes with ion selectivity linked to zwitterionic
group chemistry.’®37 Despite these promising features, r-ZACs have some limitations that arise
from their chemical structure. First, while various zwitterionic monomers can be synthesized, only
a handful are commercially available. Certain charged groups and side groups cannot be feasibly
incorporated into a zwitterionic unit due to their bonding structure. Moreover, most zwitterionic

monomers exhibit poor solubility in many solvents, further adding to their synthesis challenges.

As aresult, the range of r-ZAC chemistries that can feasibly be converted to membranes produced



at a large scale are limited. lonic or ionizable monomers, on the other hand, are widely available,
cheaper, and typically easier to solubilize.

Polyampholytes, defined as polymers that have anionic and cationic groups in different
monomer units, present a relatively unexplored class of hydrophilic polymers. Both zwitterionic
and polyampholytic materials have been studied as highly effective chemistries to prevent the
adsorption of undesired proteins and other organic macromolecules in part due to their strong
hydration shell.***° With only a few instances where polyampholytes were used to enhance fouling
resistance on commercial membrane surfaces,*!**? their application in membrane systems is largely
under-studied. Similarly, the self-assembly of amphiphilic polyampholyte copolymers, which
contain hydrophobic repeat units in addition to charged repeat units, remains relatively unexplored.
Most studies on amphiphilic polyampholytes utilize polyampholyte amphiphilic block copolymers
for biomedical applications.***** Some studies show that, in aqueous solutions, amphiphilic
polyampholytes can form self-assembled structures such as monolayers, micelles, vesicles, or
highly organized structures.*’ The self-assembly behavior of amphiphilic polyampholytes without
block architectures, particularly those that are insoluble in water or aqueous media, remains
uncharacterized. To the best of our knowledge, this is the first study in which the self-assembly
properties of polyampholytes are used in membrane applications, not only enhancing fouling
resistance, but also controlling the separation properties of the resulting membranes.

In this paper, we introduce amphiphilic polyampholyte copolymers as new self-assembling
materials for membranes with tunable selectivity and exceptional fouling resistance. The
membranes developed in this study comprise random Polyampholyte Amphiphilic Copolymers (r-
PACs), which combine positively and negatively charged monomer subunits with hydrophobic

monomers in a random/statistical copolymer chain, forming a water-insoluble copolymer with



ampholytic chemistry (Figure 1). r-PACs used in this study self-assemble to form a disordered
bicontinuous morphology, documented using transmission electron microscopy (TEM). The self-
assembled structures and effective pore sizes appear to be influenced by electrostatic interactions
between charged side groups along the polymer backbone. Membranes are prepared using a
scalable approach, by coating a commercial porous support with a thin layer of r-PAC, resulting
in a thin film composite (TFC) membrane. Membrane selectivity can span a broad range of
separations, controlled mainly by the anionic to cationic monomer ratio in the copolymer. This
material family can be used to form membranes with effective pore sizes varying at least from 1.6
nm to 2.4 nm, sodium sulfate rejections varying from 5 % to 93 %, and remarkable selectivities
when separating small organic solutes of similar size but with differing charges. r-PAC TFC
membranes also exhibit excellent fouling resistance. The facile tunability and wide range of
possible chemical functionalities makes this approach suitable for a variety of applications, in
which both fouling resistance and ion selectivity are important factors, including wastewater

treatment, biological and ion separations.
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Figure 1. Scalable formation of self-assembled r-PAC TFC selective layers. (a) Schematic
structure of a random Polyampholyte Amphiphilic Copolymer (r-PAC), with hydrophobic,
anionic, and cationic repeat units. (b) Schematic of membrane manufacturing process. A solution
of the r-PAC is coated on a commercial porous support membrane (SM). This method is
compatible with roll-to-roll manufacturing. (c) Cross-sectional SEM image of a TFC membrane
with an r-PAC selective layer on the porous SM. (d) Hypothesized r-PAC self-assembled structure,

where ionic domains serve as effective nanopores through which permeation occurs.

2. RESULTS AND DISCUSSION

2.1. Copolymer Synthesis. We used free radical polymerization (FRP) as a simple and scalable
polymer synthesis method to make amphiphilic polyampholytes (Figure 2). To ensure long-term
water stability of our membranes, we selected 2,2,2-trifluoroethyl methacrylate (TFEMA) as the
hydrophobic monomer for all copolymers in this study. The high hydrophobicity and fluorinated
groups of TFEMA make it more likely to phase separate from charged repeat units. Furthermore,
our previous studies with amphiphilic copolymers*?-?*3%3! have shown that TFEMA-containing
copolymers are easy to work with due to their better solubility in a wider variety of solvents for
casting, likely due to the presence of polar groups in its structure. In this initial study, we selected
a polyampholyte ionic pair that mimics a commercially available and well-studied zwitterionic

monomer, sulfobetaine methacrylate (SBMA), which is highly hydrophilic and fouling resistant.?*-



23 SBMA contains a quaternary amine group connected to a sulfonate group by covalent bonds.
Thus, we selected a methacrylate bearing quaternary amine  group, [2-
(methacryloyloxy)ethyl]trimethylammonium chloride (TAEMA), to form repeat units with a
cationic charge throughout a wide pH range. Last, we selected 2-sulfoethyl methacrylate (SEMA)
as the anionic monomer, which incorporates an anionic charge when in water over a broad pH

range.

TFEMA SEMA TAEMA r-PAC r-PAC in water

Figure 2. Synthesis scheme of r-PACs via FRP. (Left) Monomers utilized in this study. (Center)
Resulting r-PAC random copolymer structure after FRP. (Right) Resulting r-PAC random

copolymer structure after immersion in water.

We synthesized r-PACs with different compositions by altering the molar ratios of the ionic
monomers while keeping the mass fraction of the hydrophobic repeat unit constant (Table 1).
Three different polyampholyte compositions were selected to demonstrate the tunability of r-PAC
membrane materials by small compositional changes. We selected a composition that contains
close to a 1:1 molar ratio of anionic and cationic groups, PO. We expected PO membranes to closely
mimic copolymers with charge-neutral zwitterions, exhibiting size-based selectivity along with

excellent fouling resistance. The other two compositions exhibit an excess of one of the ionic



monomers, creating a net charge in the membrane layer. P- has an excess of SEMA resulting in a
net negative charge, whereas P+ has an excess of the cationic TAEMA. We expect these
membranes to have selectivity that is not only size-based but also arising from electrostatic
interactions/Donnan exclusion. Additionally, two control polymers were synthesized with only
one of the ionic monomers, C- and C+. These polymers are expected to form highly charged

selective layers with selectivity arising mostly from electrostatic interactions/Donnan exclusion.

Table 1. Monomer composition in the reaction solution and final product for copolymers used in

this study.
Reaction solution Final product
Copolymer lonic units lonic units
SEMA mol% TAEMA TFEMA wt% T e TAEMA TEEMA wt%
mol% mol%
C- 100 0 50 100 0 60
P- 70 30 50 65 35 5
PO 50 50 50 50 50 51
P+ 30 70 50 34 66 51
C+ 0 100 50 0 100 54

2.2. Copolymer Characterization. For all copolymers in this study, 'TH-NMR measurements
were used to characterize the chemical composition and calculate the monomer ratios (Table 1,
Figure S1-5). Copolymer yields were between 47 % - 66 %. These copolymers would best be
described as statistical copolymers, with the monomer sequence determined by the reactivity ratios
for each monomer pair. The synthesized copolymers showed a close match between the reaction
solution composition and the composition of the resultant copolymer, typically within 5 wt% of

each other. This implies that the copolymerization process is likely close to random, with reactivity



ratios close to 1, especially given the fact that copolymer compositions are measured far from full
conversion. Therefore, we use the term “random copolymer” throughout the document, though
further in-depth characterization of the copolymerization may impart further insight.

Water uptake measurements are important to understand the degree of swelling of copolymers.*®
We expect that, in r-PACs, water will largely partition into and swell the ionic regions of the
polymer. Therefore, the degree of swelling has a direct impact on membrane performance. Water
uptake measurements (Table 2) indicate that copolymers with charge ratios closest to 1, and
therefore with the highest number of possible polymeric ionic pairs, had the lowest water uptakes,
with PO at 39 % and P-, and P+ at 76 % and 80 %, respectively. Following this trend, the fully
negatively and positively charged controls, C- and C+, had the highest water uptakes at 290 % and
970 %, respectively. This can be potentially explained by electrostatics, with PO having the highest
number of possible inter and intra-molecular electrostatic complexes that act as physical cross-
links preventing polymer swelling. In contrast, C- and C+ do not exhibit polymer-polymer
electrostatic attraction but instead electrostatic repulsive interactions between polymer chains in

water. Consequently, C- and C+ showed the highest water uptakes and a hydrogel-like behavior.

Table 2. Polymer yield, glass transition, and water uptake of copolymers used in this study.

c- p- PO P+ c+
Polymer yield 55 58 47 66 46
(%)
T, (°C) 92 137 168 160 156
Wate{;)ptake 288 + 14 76+ 4 39+3 80+4 971+ 78
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2.3. Copolymer Self-Assembly Characterization.

We used TEM to characterize the self-assembled morphology of our r-PACs. The ionic domains
were positively stained by immersion in 2 % aqueous CuCl, solution. We expect the copper ions
to only go into the water-permeable ionic/ampholytic domains. Staining is further supported by
the formation of sulfonate—copper complexes.*® Figure 3 shows brightfield TEM images of P-, PO,
and P+ copolymers. All images show a disordered bicontinuous morphology, with a network of
percolated ionic nanochannels (dark regions) surrounded by the hydrophobic phase (light regions).
This morphology is consistent with previously reported random copolymers with highly
incompatible repeat units, including r-ZACs.?* 37 The fast Fourier transform (FFT) of the TEM
image lacked directional features (insets in Figure 3), indicating an isotropic structure, as
expected.?® 37 The characteristic length scale given by the outer ring of the FFT was 4.5 nm, 3.1
nm, and 4.5 nm for P-, PO, and P+ respectively, corresponding to a dry state average ionic domain
size of approximately 2.2 nm, 1.5 nm, and 2.2 nm for P-, PO, and P+, respectively. These results
indicate that P- and P+ have similar ionic domain sizes in dry state, while PO was the smallest ionic
domain size. In water, the ionic domains will likely swell somewhat. However, these water
“channels” are partially occupied by the ionic polymer backbone and side groups. Therefore, the
space, or pore size, available for solute permeation would be smaller than the swollen domain size.
Therefore, we expect these domain sizes to be closely correlated with the effective pore sizes of

membranes manufactured from each polymer.
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Figure 3. TEM bright-field images of r-PAC self-assembled morphologies with different -/+

charge ratio but similar hydrophobic monomer content, showing bicontinuous networks of ionic
nanochannels (dark) surrounded by the hydrophobic phase (light). (Inset) FFT of the image with
the arrow corresponding to the characteristic period of both ionic and hydrophobic domains. (a)
P- exhibits a characteristic period of ~4.5 nm, yielding a dry ionic channel size around 2.2 nm. (b)
PO exhibits a characteristic period of ~3.1 nm, yielding a dry ionic channel size around 1.5 nm.

(c) P+ exhibits a characteristic period of ~4.5 nm, yielding a dry ionic channel size around 2.2 nm.

To further characterize phase separation, we utilized differential scanning calorimetry (DSC),
where different glass transition temperatures can be related to different phases or domains.*”#®
When studying a copolymer with only two distinct monomer units, a fully phase separated
copolymer is expected to exhibit two distinct T,s, each corresponding to one domain.*’* A
copolymer whose repeat units form a single phase exhibits a Ty that follows the Fox Equation,
particularly if there are no specific interactions between different types of repeat units.** For
copolymers with interacting groups, analysis may be more complex. For instance, in a polymer

with multiple distinct monomeric units, it is possible for two monomeric components to segregate

into the same phase, and interactions between repeat units may change chain mobility and hence
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the T, of a given phase.’® It is also challenging to characterize the phase separation behavior of a
copolymer when one of the Tgs is unknown and above degradation temperature, as is the case for
SEMA. Nonetheless, thermal analysis can give insights into the self-assembly of these copolymers.

DSC analysis showed a single glass transition for all copolymers in this study (Table 2). Only
C- showed a glass transition at temperatures around the homopolymer T of PTFEMA (~84 °C).
This suggests that C- is a copolymer with a fully phase separated structure, similar to Nafion.*” It
is likely that the Ty corresponding to the SEMA phase is higher than the degradation temperature
(Figure S7). The Tg observed for the C+ is much higher than the expected mixed phase T, values
predicted by the Fox equation for this copolymer composition but slightly lower than the T, of
TAEMA homopolymers. This indicates that the observed Ty for C+ likely corresponds to a phase
that is richer in TAEMA monomer units than the single phase predicted by the Fox Equation, thus
implying a separate, PTFEMA-rich phase. The TAEMA rich phase contains some TFEMA
segments that plasticize it, likely due to the fact that the repeat units cannot separate completely
due to the random sequence of repeat units along the copolymer backbone. The T, of the TFEMA-
rich phase is not observed. This has been previously reported for microphase-separated random
copolymers and arises from the fact that the short PTFEMA segment size in these domains cannot
acquire mobility until the more rigid, high T, phase becomes mobile.?* 3! P-, P0, and P+ also
behave similarly, implying they have similar phase separated structures, particularly in light of the
TEM analysis also indicating phase separation. Further in-depth thermal characterization of r-PAC
polymers may reveal further insight.

2.4. Membrane Formation. All TFC membranes were prepared by coating a 5 wt% copolymer
solution on top of a commercial polysulfone ultrafiltration membrane (PS35, Solecta) using a wire-

wound metering rod (Gardco, #8). When casting P-, PO, P+, and their respective controls, C- and
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C+, we utilized 2,2,2-trifluoroethanol (TFE) as the casting solvent and a 30s solvent evaporation
time prior to precipitating the copolymer in DI water as the non-solvent.

As seen in Figure 4, all copolymers except for C+ formed a visible and dense selective layer on
top of the support membrane, with thicknesses varying between 300-500 nm. Most commercial
ultrafiltration membranes have a mild net negative charge in water,”> a common practice in the
membrane industry to delay and limit fouling by the most common foulants in water and
wastewater treatment (e.g., humic acid, alginate, bacteria). The presence of a net anionic surface
charge was documented for the PS35 support membrane by filtering small solutes containing
different net charges (Table S8). Anionic small organic molecules much smaller than the nominal
molecular cut-off (MWCO) of this membrane, 20 kDa, were rejected by up to 51 % while similarly
sized neutral solutes had rejections <6 %. This behavior is consistent with a net negative surface
charge, leading to the exclusion of charged solutes from the pores. It is likely that this negative
charge, in combination with capillary forces, drove the highly positively charged copolymer C+
into the support porous network, preventing the formation of a well-defined selective layer for that
control. This was likely facilitated by the fact that the hydrodynamic diameter of C+, measured by
dynamic light scattering (DLS) to be ~8.5 nm (Table S9), was smaller than the pore size
corresponding to the nominal MWCO of the SM (~9 nm, which corresponds to the hydrodynamic

diameter of poly(ethylene oxide) with a molecular weight of 20 kDa).>?
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Figure 4. Cross-sectional FESEM images of uncoated support membrane and TFC membranes

with selective layers made of amphiphilic ionic copolymers. (a) Uncoated support membrane
(SM), (b) C-, (c) C+, (d) P-, (e) PO, and (f) P+. All, except for C+ show a dense ~300-500 nm

copolymer coating as indicated by arrows (100 000% magnification).

2.5. Membrane Performance.

To characterize the membrane performance, we performed dead-end stirred cell filtration
experiments testing three distinct membrane disks for each copolymer. To evaluate the effective
pore sizes of our membranes we filtered a series of neutral organic solutes with known Stokes radii
(glycerol, glucose, sucrose, vitamin B12, and myoglobin, Table S2) (Figure 5). The rejection data
for each membrane was fitted to the Donnan Steric Pore Model with a single pore diameter to
calculate the effective pore size.’’

The charge-balanced r-PAC TFC membrane, PO, had a permeance of 2 L/m?h.bar and an
effective pore size of 1.6 nm (Table 3). The charged polyampholytes, P- and P+, had higher
permeances, 5 and 10 L/m?.h.bar, respectively. Interestingly, P- and P+ had identical effective pore
sizes, both at 2.4 nm (Table 3). We expect these permeances can be further improved through

better coating procedures that decrease layer thickness.! These effective pore sizes are similar to
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domain sizes observed in TEM imaging, further supporting the transport of solutes through the
ampholytic nanodomains. These results demonstrate the facile pore size tunability of these
membranes by leveraging the copolymer composition. It is conceivable that other monomer ratios
can be explored to access a continuum of available effective pore sizes. The controls, C- and C+
showed much higher permeances, both above 100 L/m?.h.bar. These results are consistent with the
much higher water uptake of these controls compared with polyampholyte copolymers (Table 2),

as well as the much lower rejection of tested solutes, implying a large effective pore size.

Table 3. Pure water permeance, and effective pore size of copolymers used in this study.

C- P- PO P+ C+
Permeance
+ + + + +
(L/(m2.h.bar)) 108 £ 10 51 205 10+1.5 112 £ 12
Effe-ctlve pore 16 24 16 )4 7y
size (nm)
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Figure 5. Rejection of neutral solutes vs Stokes diameter for uncoated SM and TFC membranes
with selective layers made of amphiphilic ionic copolymers. Solid lines are fits to the DSPM?37: 34

for uniform effective pore diameters (Table 3).

Past studies on polyampholyte and polyelectrolyte hydrogels have shown that the swelling
behavior of these two polymer classes is strongly affected by the ionic strength of the solution and
electrostatic interactions between polymer chains.”>’ Polyelectrolyte and polyampholyte
hydrogels with strong charge imbalance have exhibited a polyelectrolyte effect, the hydrogel
decreases swelling with increasing ionic strength solutions.>>*’ Neutral polyampholyte hydrogels
have shown the opposite behavior, increased swelling with increasing ionic strength solutions, also
known as the antipolyelectrolyte effect.’>>” All copolymers in this study showed no change in
permeance or swelling when using salt concentrations up to 10 mM. This is likely due to the
hydrophobic component of the copolymer that arrests the structure, preventing the swelling or
deswelling of the copolymers. The degree of swelling and permeance of these membranes appears
to be determined by the amount of attractive (polyampholyte) and repulsive (polyelectrolyte)

interactions between polymer chains. Thus, by controlling the copolymer composition, r-PACs
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can effectively manipulate the balance between attractive and repulsive Coulombic interactions,
enabling easy tuning of membrane performance.

Charged membrane materials in which pore walls feature a fixed net charge (positive or
negative) can achieve the separation of similar sized solutes by favoring the passage of solutes that
are uncharged or of opposite charge but hindering the passage of co-ions.!® To evaluate the charge-
based selectivity between organic solutes we selected four dyes with varying electrostatic charges
and similar sizes (~1 nm) (Figure 6): Ethyl Orange (anionic, -1), Acid Blue 45 (anionic, -2),
Riboflavin (neutral), and Pararosaniline (cationic, +1). In the proposed membranes, electrostatic
interactions between the solutes and the net charged pore walls of P- and P+ are expected to play
a dominant role on solute permeation. Thus, solute rejection is expected to strongly depend on
solute charge, leading to charge-based separation capabilities.>® In the case of PO, steric effects are

expected to dominate over electrostatic interactions due to the expected net neutral pore walls.
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Figure 6. (a) Chemical structures and charges of dyes used in this experiment. (b) Rejection of
single dye solutes with varying charge (Negative: Ethyl Orange, Neutral: Riboflavin, Positive:
Pararosaniline) for uncoated SM and for TFC membranes with selective layers made of
amphiphilic ionic copolymers. (c) Rejection of single dye solutes with varying charge for P-

membrane (Neutral: Riboflavin, Neg. (-1): Ethyl Orange, Neg. (-2): Acid Blue 45).

Figure 6 shows the rejection of organic solutes with varying electrostatic charges and similar
sizes by all TFC membranes developed in this study. PO shows very similar retention of the three
solutes with different charges, indicative of a net neutral membrane that exhibits size-based
separation. P- shows a much higher rejection of the negatively charged Ethyl Orange at 94 % when
compared to only 19 % rejection of the positively charged Pararosaniline. In a similar manner, P-
rejects 100 % of doubly negatively charged solute Acid Blue 45. These results show how r-PAC

membranes are good candidates for the treatment of paint industry wastewater, where highly toxic,

19



charged azo dyes are present.”® Much lower rejections are observed for neutral and cationic dyes
for P-. The support (SM), C-, and C+ all exhibited low rejections (<15 %) for all dyes, consistent
with their large effective pore sizes. These results demonstrate that r-PAC membranes are not only
strong candidates for application where charge-based selectivity for either charge (positive or
negative) is required but also if a net neutral membrane is desired.

To better understand the charge-based selectivity of these membranes and their potential for
water softening applications and other ion-based separations, we measured the rejections of two
divalent salts, MgCl, and Na>SOs4 (Figure 7). Donnan model predicts that a homogeneous and
anionically charged selective layer would exhibit higher rejection of salts of doubly charged anions
(e.g., NaxSOs4) than those of doubly charged cations (e.g., MgCl,). In contrast, a cationically
charged layer would display the opposite rejection behavior, rejecting MgCl, more than NaxSO4.5%
5961 A5 it is widely established by the Donnan exclusion mechanism, when the ionic strength of a
solution increases charge screening effects will increase as well.®! Therefore, we should expect a
lower rejection of salts at higher salt concentrations when using charged selective layers. In
contrast, we expect no change in rejection at different salt concentrations when using net neutral
selective layers.

The charge-balanced PO membrane exhibited Na;SO4 rejections around 76 % and MgCl
rejections around 31 % (Figure 7). There was no significant change in rejection with ionic strength,
in agreement with the overall net neutral charge of this selective layer. In contrast, membranes
with net charge showed significant decreases in rejection with ionic strength. P- exhibited high
NazSO4 rejection (96 % - 93 %), in agreement with the net anionic charge of the membrane as well
as its nano-scale pores, similar to many NF membranes. Its MgCl rejection, in contrast, is much

lower, below 20 %. The P+ membrane, in agreement with its net charge, had much higher MgCl»
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rejection than Na>SOs, with both values decreasing with ionic strength. The behavior of the C- and
C+ membranes are also in agreement with a selective layer with higher charge density, yet larger
pores, consistent with Donnan exclusion mechanisms. Their salt rejections were lower, and much
more sensitive to ionic strength as they relied more heavily on Donnan exclusion. Although not
visible in the SEM image (Figure 4), C+ clearly performs as a cationic membrane (Figure 7),

confirming the presence of the coating on the support.
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Figure 7. Rejection of single salts at different salt molar concentrations for uncoated SM and TFC

membranes with selective layers made of amphiphilic ionic copolymers.

Fouling is a major obstacle to the efficiency, operability, and even technical feasibility of

membrane separation processes.”! Membranes that exhibit minimal fouling have been shown to

enable cost savings up to 46 % compared with standard systems.®* Additionally, membrane fouling
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severely limits the broader use of membranes in applications where feeds have high concentrations
of components such as biomacromolecules, particulates, and/or oil. Therefore, it is crucial to
consider fouling prevention in designing novel membrane materials. Previous studies have shown
that polyampholytic surface coatings and hydrogels can exhibit excellent fouling resistance*! % 6-
64 particularly if they are charge-balanced and net neutral. However, the effect of incorporating
mismatched charges or hydrophobic comonomers is not yet studied in a thin film composite
membrane.

To screen the fouling resistance of our newly-developed r-PACs, 25-hour fouling experiments
were performed in a dead-end stirred cell system. While this system is not representative of most
industrial systems, it is a “stress test” for membranes as the feed concentration increases
throughout the experiment. For this study, we selected a major membrane foulant, oil. Large
volumes of oily wastewaters are produced by manufacturing, oil, and petroleum industries and
their adequate disposal or treatment remains a big challenge.®*® The representative fouling
solution was 1500 ppm oil-in-water emulsion prepared using 9:1 ratio of soybean oil to DC193
surfactant formulated to mimic oily wastewater streams.®® After 25 hours of filtering this solution,
the membranes were rinsed with deionized water to simulate a physical cleaning, and pure water
permeance was measured once again. All three r-PAC membranes, P-, PO, and P+ showed
excellent fouling resistance demonstrated by minimal flux decline during the fouling test and after
water rinse. In contrast, the commercial PES membrane irreversibly lost about half of its initial
flux (Figure 8), consistent with previous studies using various commercial membranes.®’** This
demonstrates that self-assembled polyampholytes are highly promising materials to create fouling
resistant and easily tunable membranes. A possible application of r-PAC membranes is the

treatment of food industry wastewater,’® where the retention of oils, proteins, and other biological
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components can create value on the permeate side by removing contaminants but also on the feed
side by creating organic feedstock. We expect to conduct a deeper study on the fouling resistance

properties and mechanisms in this new material family as a next step.
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Figure 8. Dead-end filtration of oil-in-water emulsions through TFC membranes with selective
layers made of (Top) P-, PO, and P+, (Bottom) commercial nanofiltration membrane of similar
pore size (NP030). P-, PO, and P+ membranes showed negligible decline in water flux after oil-in-
water emulsion filtration. The commercial membrane showed 50 % irreversible flux loss.

Horizontal and vertical dotted lines are for visual aid.

3. CONCLUSIONS
This is, to our knowledge, the first time polyampholyte amphiphilic copolymers were used as

membrane selective layers. This new class of TFC layer derives its membrane performance from

23



polymer self-assembly. Our results demonstrate a close correlation between the self-assembled
nanostructure of the copolymer, and the performance of membranes whose selective layers they
form. Furthermore, the self-assembled domain size of r-PACs, and thus the effective pore size of
resultant membranes, can be easily tuned by altering the anionic to cationic repeat unit ratios.
Depending on polymer composition the membranes can selectively reject solutes of either charge
(negative or positive) or rely solely on size-based selectivity as the anionic to cationic repeat unit
ratio is 1 (neutral layer). These membranes exhibit commercially viable pure water permeabilities.
They are also resistant to irreversible fouling, showing negligible flux decline upon filtering an
oil-in-water emulsion. The tunable selectivity, exceptional fouling resistance, and ease of
fabrication of these membranes makes them promising for biomolecule separations, textile
wastewater treatment, filtration of feeds with large fouling potential, and feeds where charge-based
selectivities are desired. It is important to note that this work only entails one combination of ionic
monomers, we foresee that the exploration of different monomer combinations can produce r-

PACs with different membrane performances and a variety of additional applications.

4. EXPERIMENTAL SECTION

4.1. Copolymer Synthesis. TAEMA and SEMA were passed through a column of neutral
activated alumina to remove inhibitors, while the TFEMA was passed through a column of basic
activated alumina.

Synthesis of PO (P(TFEMA-r-TAEMA-r-SEMA)). SEMA (2.42 g, 12.4 mmol), TAEMA (2.58 g,
12.4 mmol), and TFEMA (5.00 g, 29.7 mmol) were dissolved in this order in dimethyl sulfoxide
(DMSO, 40 mL). Azobisisobutyronitrile (AIBN, 0.01 g) was added to the flask. The flask was

sealed, and nitrogen was bubbled through the reaction mixture for 30 minutes to purge any
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dissolved oxygen. The flask was then placed in an oil bath set to 60 °C, while stirring at 300 rpm
for 17 hours. The flask was removed from the oil bath and unsealed, and 1 g of 4-methoxyphenol
(MEHQ) was added to terminate the reaction. The reaction mixture was then precipitated in
acetone (1 L), purified by stirring two fresh portions of 1:5 methanol to acetone volume ratio for
at least 5 hours, and two fresh portions of acetone for at least 5 hours. Finally, the copolymer was
dried in the vacuum oven for 72 hours at 60 °C. The yield was about 45 %.

Synthesis of P- (P(TFEMA-r-TAEMA-r-SEMA)). SEMA (3.39 g, 17.5 mmol), TAEMA (1.55 g,
7.5 mmol), and TFEMA (4.94 g, 29.4 mmol) were dissolved in this order in DMSO (40 mL).
AIBN (0.01 g) was added to the flask. The flask was sealed, and nitrogen was bubbled through the
reaction mixture for 30 minutes to purge any dissolved oxygen. The flask was then placed in an
oil bath set to 60 °C, while stirring at 300 rpm for 17 hours. The flask was removed from the oil
bath and unsealed, and 1 g of MEHQ was added to terminate the reaction. The reaction mixture
was then precipitated in 1:1 acetone to hexane volume ratio (1 L), purified by stirring two fresh
portions of 1:3 ethanol to hexane volume ratio for at least 5 hours, and two fresh portions of acetone
for at least 5 hours. Finally, the copolymer was dried in the vacuum oven for 72 hours at 60 °C.
The yield was about 58 %.

Synthesis of P+ (P(TFEMA-r-TAEMA-r-SEMA)). SEMA (1.45 g, 7.5 mmol), TAEMA (3.61 g,
17.4 mmol), and TFEMA (5.06 g, 30.1 mmol) were dissolved in this order in DMSO (40 mL).
AIBN (0.01 g) was added to the flask. The flask was sealed, and nitrogen was bubbled through the
reaction mixture for 30 minutes to purge any dissolved oxygen. The flask was then placed in an
oil bath set to 60 °C, while stirring at 300 rpm for 17 hours. The flask was removed from the oil
bath and unsealed, and 1 g of MEHQ was added to terminate the reaction. The reaction mixture

was then precipitated in acetone (1 L) and purified by stirring two fresh portions of 1:3 ethanol to
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hexane volume ratio for at least 8 hours. Finally, the copolymer was dried in the vacuum oven for
72 hours at 60 °C. The yield was about 66 %.

Synthesis of C- (P(TFEMA-r-SEMA)). SEMA (4.00 g, 20.6 mmol), and TFEMA (4.00 g, 23.8
mmol) were dissolved in this order in DMSO (32 mL). AIBN (0.008 g) was added to the flask.
The flask was sealed, and nitrogen was bubbled through the reaction mixture for 30 minutes to
purge any dissolved oxygen. The flask was then placed in an oil bath set to 60 °C, while stirring
at 300 rpm for 17 hours. The flask was removed from the oil bath and unsealed, and 0.8 g of
MEHQ was added to terminate the reaction. The reaction mixture was then precipitated in 1:3
ethanol to hexane volume ratio (0.8 L) and purified by stirring two fresh portions of 2:3 ethanol to
hexane volume ratio for at least 3 hours. Finally, the copolymer was dried in the vacuum oven for
72 hours at 60 °C. The yield was about 55 %.

Synthesis of C+ (P(TFEMA-r-TAEMA)). TAEMA (4.00 g, 19.3 mmol), and TFEMA (4.00 g,
23.8 mmol) were dissolved in this order in DMSO (32 mL). AIBN (0.008 g) was added to the
flask. The flask was sealed, and nitrogen was bubbled through the reaction mixture for 30 minutes
to purge any dissolved oxygen. The flask was then placed in an oil bath set to 60 °C, while stirring
at 300 rpm for 17 hours. The flask was removed from the oil bath and unsealed, and 0.8 g of
MEHQ was added to terminate the reaction. The reaction mixture was then precipitated in acetone
(0.8 L) and purified by stirring two fresh portions of 1:3 ethanol to hexane volume ratio for at least
3 hours. Finally, the copolymer was dried in the vacuum oven for 72 hours at 60 °C. The yield was
about 45 %.

4.2. Copolymer Characterization. The synthesized copolymers were characterized using 'H

nuclear magnetic resonance ('"H NMR) spectroscopy. After dissolving the copolymers in DMSO-
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ds, NMR spectra were acquired on a Bruker AVANCE III 500 MHz spectrometer. All samples
were scanned 32 times using a 10 s relaxation delay.

TEM was performed using a Hitachi 7800 transmission electron microscope operated in bright-
field mode at 100 keV. Copolymer films were prepared by evaporating the solvent from a 5 wt%
copolymer/TFE solution in a Teflon dish. Ionic domains were stained by immersing the films in a
2 wt% solution of CuCl; for 4 h. The stained films were then embedded in an epoxy resin, sectioned
to 50 nm using an ultramicrotome, and transferred to copper grids. The imaging was performed by
Dr. Nicki Watson at the Harvard Center for Nanoscale Systems (CNS). TEM images were
analyzed using ImageJ software.

DSC was performed utilizing a TA Q100 series calorimeter (TA Instruments) coupled with a N»
purge and cooling systems. 4-5 mg of each polymer was sealed in aluminum pans, and fully dried
under N> in the DSC chamber to avoid Tg shifts due to different water contents. After samples
were fully dried, a modulated heating ramp of 5 °C/min was used. The Tg of all samples was
obtained from the midpoint of the baseline shift.

ATR-FTIR spectroscopy was performed using an FT/IR-6200 spectrophotometer (JASCO
Corp) equipped with a ZnSe crystal. ATR-FTIR spectra (4000—600 cm !, 4 cm™! resolution, 64
scans) were collected using films prepared by drying a 5 wt% solution of polymer in TFE on a
Teflon dish. Water uptake measurements were performed by utilizing the same polymer films used
for ATR-FTIR analyses. First the films were equilibrated in deionized water at room temperature
overnight. Excess water was removed by placing the films onto a Kimwipe for 5 s, after that the
samples were weighted. The dry weight was obtained from drying the same samples overnight in

a vacuum oven set at 60 °C.
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4.3. Membrane Fabrication and Characterization. Membranes were prepared using 5 wt%
solutions of polymer dissolved in TFE. All polymer solutions were passed through a 0.45
micrometer syringe filter (Whatman) and degassed in a vacuum oven for at least 1 h. The
membranes were prepared by coating a thin layer of polymer solution on a commercial
ultrafiltration (UF) membrane using a wire-wound metering rod (Gardco, #8). PS35 ultrafiltration
membrane (nominal MWCO 20 kDa), purchased from Solecta (Oceanside, Calif.), was used as
received as the support membrane. 30 s after coating, the membrane was immersed in a deionized
water bath. Membranes were stored in deionized water for several hours before usage.

The thin film composite layers were characterized by a FESEM Ultra Plus (Carl Zeiss, Inc.)
using 5 kV and 4.6 mm working distance. Dried membranes were immersed in liquid nitrogen and
severed with a razor blade for cross-sectional imaging. Samples were sputter coated (Cressington
108 manual, Ted Pella Inc., CA) with Au/Pd (60/40) in argon atmosphere.

4.4. Filtration Experiments. Water fluxes and solute rejections were measured using 10 mL
Amicon 8010 dead-end stirred cells (Millipore) with filtration area of 4.1 cm?, stirred at 500 rpm,
at a trans-membrane pressure of 40 psi. Flux was calculated by monitoring the mass of permeate,
collected on a scale (Ohaus Scout Pro) connected to a computer. Permeance is a membrane
property that normalizes the flux to account for the trans-membrane pressure, and is calculated
using
Ly=7 ey
where L, is the permeance of the membrane (L m? h! bar'), J is the water flux across the
membrane (L m2 h'), and Ap is the trans-membrane pressure (bar).

The effective pore size of each membrane was determined by filtering a series of organic solutes

(sugars and dyes), sugars at a 4000 ppm concentration, and dyes at a 0.1 mM concentration. Salt
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and charge-based selectivity was determined by filtering salts at two different concentrations, 1
mM and 10 mM. For all rejection tests the first milliliter of filtrate was discarded, and the
subsequent 1 mL was collected and used for measuring rejection. This procedure was previously
determined to be appropriate for acquiring steady rejection values.’! Solute concentration was
measured using a conductivity meter (high range, VWR), COD kits (K-7365, CHEMetrics), or a

UV-—vis spectrometer (Genesys10, ThermoScientific). Rejection was calculated using

R (%) = (Cfc;fc”) x 100% @)

where R is the solute rejection (%), Cris the feed concentration (mg/L), and C, is the permeate
concentration (mg/L).

For the fouling experiments, a feed solution consisting of 1500 ppm oil-in-water emulsion (9:1
ratio of soybean 0il:DC 193 surfactant obtained from Dow-Corning) was utilized. The solution
was prepared by blending oil, water, and surfactant using a blender at high rpm for 3 min. Fouling
experiments were performed using the dead-end filtration equipment described above. First,
deionized water was filtered through the membrane until the flux stabilized at 7.8 L m? h! for all
membranes. The cell and reservoir were filled with the prepared oil-in-water emulsion.
Membranes were exposed to the fouling solution for 25 h. Membranes were gently rinsed with DI
water before measuring the final flux. As a control, we performed the same fouling test on a
commercial membrane with similar pore size, NP030, a poly(ether sulfone) (PES) membrane

(Sterlitech).
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