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ABSTRACT: We report membranes with ultrathin <200 nm
zwitterionic copolymer selective layers exhibiting ~1 nm size
cutoff and permeances as high as 50 L/m?hr-bar. The thin
layer is formed by the deposition of random zwitterionic
copolymers in trifluoroethanol/ionic liquid mixtures onto a
porous support. The resultant membranes have the same low
molecular weight cutoff of ~1000 Da and narrow pore size
distribution but fluxes up to 10 times higher than membranes

prepared without ionic liquid and 20 times higher than commercial membranes of similar pore size, making them promising for

wastewater treatment and pharmaceutical purification.
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Membranes are a crucial technology for water and
wastewater treatment, bioseparations, and chemical
manufacturing. Most commercial membranes today are
manufactured from a handful of commodity polymers, relying
on the complex interplay of phase separation and transport
that occurs during the manufacturing process. Recently,
polymer self-assembly has gained traction as a crucial tool
for scalable manufacture of next generation membranes with
desired properties such as high permeability and controlled
pore size.' > For example, the self-assembly of block
copolymers (BCPs) into well-defined nanostructures has
been used to create isoporous ultrafiltration (UF) membranes
using self-assembly nonsolvent induced phase separation
(SNIPS).*™® Alternatively, random and graft copolymers
have been used as membrane selective layers to achieve
smaller pore sizes down to ~1 nm and simplify synthesis
methodologies.”~ "

Recently, we reported the use of amphiphilic random
zwitterionic copolymers (RZCs) as membrane selective layers
for size-based separation of small molecules."' ™" These
membranes take advantage of the incompatibility between
the hydrophobic (2,2,2-trifluoroethyl methacrylate (TFEMA))
and hydrophilic zwitterionic repeat units (sulfobetaine
methacrylate (SBMA)) and the ability of zwitterions to self-
assemble in a broad range of conditions through strong
electrostatic interactions.'' ™' These RZCs self-assemble into
bicontinuous networks of hydrophobic and zwitterionic
domains ~1 nm in size. The zwitterionic domains act as a
network of nanochannels through which water and solutes
pass, creating highly permeable membrane selective layers with
a ~1 nm size cutoff. This corresponds to a molecular weight
cutoff (MWCO) of ~1000 Da, a valuable pore size for difficult
bioseparations and wastewater treatment applications."'™'*'¢
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These membranes are also extremely fouling resistant, further
expanding their promise.

In previous studies, we prepared these membranes by
coating a solution of the RZC in trifluoroethanol (TFE) onto a
commercial ultrafiltration (UF) membrane, creating thin film
composite (TFC) membranes with ~1 um thick selective
layers. Membrane permeances ranged between 1.4 and 8 L/
m*hr-bar, comparable to or higher than a commercial
membrane with similar nominal MWCO.'”"" Most commer-
cial TFC membranes, however, have much thinner selective
layers, usually between 20 and 200 nm in thickness.'” Creating
such ultrathin selective layers by coating copolymer solutions is
challenging. Taking advantage of polymer self-assembly in
solution may enable interesting selective layer morphologies”
and/or thinner selective layers. Zwitterionic amphiphiles self-
assemble in various solvents, especially in water or solvent
mixtures that contain water.'®'? In nonaqueous organic
solvents, micelle formation is typically mediated by the
presence of salts.”> RZCs can in principle form micelles in
solution, but the close proximity of incompatible repeat units
in random copolymers makes this less likely. While one study
reported round micelles in aqueous solutions of an RZC with
phosphorylcholine groups,” there are no studies that report
the supramolecular assembly of RZCs in organic solutions.

Ionic liquids (ILs) are molten salts at room temperature.
Their negligible vapor pressures, high chemical stability,
and wide electrochemical windows have led to their use in a
variety of applications such as energy storage devices and
catalysis.”> Due to their high polarities, strong interactions are
predicted between ILs and zwitterionic groups.'®**~*” ILs can
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Table 1. Coating Solution Composition for Membranes Used in This Study

coating solution composition

membrane code copolymer (g) TFE (mL) EAN (mL)
PO 1 9.0 0
L2 1 8.8 0.2
ILS 1 8.5 0.5
1120 1 7.0 2.0

water permeance (L/m?hr-bar) selective layer thickness (#m)

61+1 1+0.1

0.7 £ 02 1.1 £0.1

1.7 £ 0.7 0.7 + 0.1
50 £ 2 <0.2

solubilize hard to dissolve zwitterionic materials™ and alter the
size and properties of zwitterionic surfactant micelles in
water.>* In turn, zwitterions can enhance the dissociation of
ILs, leading to enhanced ionic conductivity.”>*® Zwitterionic
BCPs can form polymersomes in ILs,”’ indicating the
possibility of IL mediated micelle formation.

In this work, we examined the potential of an IL as a
cosolvent for random zwitterionic copolymers (RZC) to
prepare ultrathin membrane selective layers to achieve
membranes with size-based selectivity, ~1 nm effective pore
size, yet very high permeance. We show that when the RZC is
dissolved in IL/TFE mixtures and coated onto a porous
substrate, very thin (<200 nm) selective layers can be obtained.
This leads to permeances as high as 50 L/m*hr-bar, up to 10
times higher than membranes formed without IL cosolvent.
These membranes also exhibit a narrow pore size distribution,
retaining the same size-based selectivity with a ~1 nm size
cutoff. This enhancement in permeance depends on the
amount of IL and the manufacturing method (nonsolvent,
drying time etc.). We hypothesize that the formation of these
very thin layers is likely enabled by the formation of
supramolecular assemblies upon partial evaporation of TFE,
followed by their deposition onto the surface of the porous
support. These new membranes with high permeances and
sharp selectivity are promising for various applications such as
textile wastewater treatment and pharmaceutical purification.

This study focused on membranes whose selective layers
were made of the RZC poly(trifluoroethyl methacrylate-
random-sulfobetaine methacrylate) (PTFEMA-r-SBMA), syn-
thesized by free radical copolymerization."' ~"* The copolymer
contained 36 wt % SBMA with a relative molecular weight of
1.19 X 10° g/mol based on polyacrylonitrile standards in
dimethylformamide (see Supporting Information). This
copolymer is soluble in TFE and dimethyl sulfoxide and
insoluble in water. Ethylammonium nitrate (EAN, Iolitec) was
selected as the IL cosolvent due to its miscibility with TFE and
water. TFE is volatile (boiling point ~78 °C), whereas EAN
has low volatility (boiling point ~200 °C**). PSBMA and
PTFEMA homopolymers and the RZC were all soluble in
TFE. PTFEMA and the RZC were insoluble in EAN, while
PSBMA dissolved in it readily, indicating that this IL is a
selective solvent for the zwitterionic repeat units.

Membranes were prepared by dissolving the RZC in
EAN:TFE:RZC mixtures at various ratios from 0:90:10 to
20:70:10 (Table 1). The copolymer concentration was kept
constant at 10% (w/v). Solutions were prepared by first
blending the solvents and then dissolving the copolymer at 50
°C, passing the solution through a 0.45 pm syringe filter
(Whatman), and degassing it in a vacuum oven. The
copolymer solution was coated on a commercial polyvinylide-
nefluoride (PVDF) 400R UF membrane (Nanostone Water)
using a doctor blade with a 25 ym gap. The membrane was
then immersed in an isopropanol bath for 20 min to precipitate
out the copolymer, moved to a water bath at least overnight,
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and then stored in a fresh water bath until use. The IL is
expected to be removed in the water bath.

Filtration experiments were performed on 25 mm diameter
membranes using a 10 mL Amicon 8010 stirred, dead-end
filtration cell (Millipore, effective filtration area 4.1 cm?).
Water flow rate through the membranes was measured at a
trans-membrane pressure (TMP) of 20 psi (1.4 bar).
Membrane permeance was calculated by dividing the flow
rate by the membrane area and TMP. Membrane selectivity
was quantified by measuring the rejections of charged and
neutral solutes in filtration experiments. This method utilizes
rigid water-soluble organic molecules as probes for character-
izing effective pore size. Molecular diameters were calculated
by determining the molecular volume of the solute and
calculating the diameter of a sphere of equivalent volume,
following previous publications.' ' ***~>!

The addition of small amounts of IL to the coating solution
led to slight decreases in water permeance (Table 1, Figure
1a). However, when the coating solution contained 20% IL
(sample IL20), the water permeance rose to approximately 10
times that of PO membranes prepared without IL. This drastic
increase in flux was not accompanied by any changes in
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Figure 1. (a) Permeance of zwitterionic copolymer membranes
prepared using varying amounts of IL cosolvent. IL20 membranes
exhibit permeances 10 times that of PO membranes. (b) Rejection of
membranes prepared with IL20 and PO solutions. Both membranes
show sharp ~1 nm size cutoff with size-based selectivity for charged
(solid) and neutral (hollow) solutes.
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Figure 2. (a) Cross-sectional and (b) tilted FESEM images of IL20 membranes at S0 000X magnification, showing <200 nm thick layer with worm-
like/nodular features. AFM (c) height and (d) phase images of IL20 membranes show worm-like/nodular features on the surface.

effective pore size. All membranes with and without the IL
cosolvent show the same charge-independent size cutoff of ~
0.8—1 nm when calculated by this method (Figures 1b, S2).
Indeed, the pore size distribution in IL20 membranes may be
slightly narrower, evidenced by the sharper rejection curve and
lower rejection of smaller solutes. We should point out that our
method for calculating solute sizes is an underestimate of the
hydrodynamic diameter of the solutes, as it does not account
for solute geometry or hydration. For instance, the hydro-
dynamic diameter of vitamin B12 is reported to be around 1.7
nm,” significantly higher than its calculated diameter of 1.3
nm, implying the true size cutoff is closer to 1.5 nm. However,
hydrodynamic diameters for most other solutes used are not
easily available. Given the tight rejection curves obtained by
this method, this simplified approach for calculating solute size
enables prediction of solute rejections by this family of
membranes.

This size cutoff corresponds roughly to a nominal MWCO
of ~1 kDa based on a previous comparison of the PO
membrane with a commercial membrane manufactured by
Sartorius (Figure S5).""'* The fact that both charged and
uncharged solutes fit onto the same rejection curve implies
size-based selectivity, unlike most commercial membranes that
exhibit anionic surface charges that lead to enhanced rejection
of anionic solutes along with partial salt rejection.'"* This low
MWCO is especially promising for bioseparations and textile
wastewater treatment.'>'® Nominal permeances for 1 kDa
MWCO membranes offered by GE, EMD Millipore, and
Sartorius range between 1.2 and 7.3 L/m*h-bar.’”*** The
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permeance of the RZC membranes described here is
approximately seven times that of even the highest value.
Furthermore, most of these commercial membranes have
charged surfaces. As a result, their selectivity is heavily
influenced by solute charge. In contrast, RZCs are overall
neutral in charge, so rejection through RZC membranes is size-
based. This is evidenced by the fact that charged and
uncharged solutes fit onto the same sharp rejection curve
(Figure 1b), making separations more predictable.

It is very rare to achieve an order-of-magnitude increase in
membrane flux while maintaining and possibly enhancing the
selectivity by simply using a cosolvent. To understand what led
to this drastic enhancement in performance, we characterized
the membrane morphology using high resolution field
emission scanning electron microscopy (FESEM). PO mem-
branes exhibited a ~2 um thick, dense copolymer coating
(Figure S9) on the commercial support (Figure S10). In
contrast, FESEM images of the IL20 membrane showed a very
thin copolymer coating with interconnected worm-like/
cylindrical/nodular features (Figure 2a, b). While it was
difficult to clearly identify the separate coating and support
layers, the coating thickness was estimated to be <200 nm. The
membrane surface was rough, creating a large interfacial area
that may further enhance measured water flux. The
interconnected features covering the membrane surface were
further confirmed by atomic force microscopy (AFM) (Figure
2¢, d). The features were 93 + 19 nm in height. The thickness
of the continuous selective layer likely varies and is thinner at
the junctions between the nodular features. Bubble point tests
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confirmed that no large pores are present on IL20 membranes,
indicating a continuous selective layer. This conclusion is also
supported by the very small size cutoff consistent with denser
selective layers.

On the basis of the morphology of this selective layer, we
hypothesized that the RZC may form supramolecular
assemblies in some TFE/IL mixtures and that these assemblies
deposit onto the porous support and partially merge during the
coating process, resulting in the ultrathin, structured selective
layers observed. To test this hypothesis, we performed
transmission electron microscopy (TEM) on samples prepared
by mimicking the membrane making process. A solution
containing 0.1 wt % RZC and 0.2 v% IL in TFE, simulating the
IL20 solution, was cast on a copper grid (200 mesh, Electron
Microscopy Sciences), dipped in isopropanol for S min,
followed by immersion into water for S min, and dried
overnight. TEM images of these samples show cylindrical/rod-
like structures/nodules 17 + 5 nm in diameter that are
connected and branched to form interconnected networks
(Figure 3). When the same procedure was performed without
the IL to simulate PO, no interconnected features were visible
(Figure S14).

Figure 3. TEM images of samples prepared by mimicking membrane
making process with the IL20 solution at 11 000X (left) and 49 000X
(right) magnification. IL20 solutions show an interconnected network
of worm-like/cylindrical nodular features. No significant features are
observed in the absence of IL.

The TEM samples simulate the early stages of the selective
layer formation process, due to the more dilute solution that
had to be used for preparing TEM samples. The images imply
that interconnected networks of rod-like supramolecular
assemblies form after the copolymer solution is spread onto
the support membrane as TFE evaporates from the thin film.
The change in solvent quality leads to the formation of
supramolecular assemblies in a particular compositional

window. We hypothesize that these assemblies may be
cylindrical or worm-like structures that form an interconnected
network (Scheme 1). As these assemblies are larger than the
size cutoff of the support membrane, they deposit onto the
substrate due to capillary forces. Upon immersion in
isopropanol, these structures precipitate out but stay soft,
and the assemblies overlap and partially merge. The selective
layer is fixed upon immersion into water, a strong nonsolvent.
This hypothesis is in agreement with our observation of a
thinner membrane selective layer with a nanostructured
surface. The lower resistance to flow and high surface area
leads to higher permeances.

To better understand the polymer self-assembly in these
coating solutions, we performed small-angle X-ray scattering
(SAXS) on copolymer/TFE/IL solutions. No identifiable
features were observed in the SAXS spectra for coating
solutions used to prepare PO, IL2, ILS, and IL20 membranes
(Table 1). However, during the membrane manufacturing
process, the highly volatile TFE partially evaporates between
the coating step and immersion into isopropanol. This step can
lead to the creation and organization of supramolecular
assemblies as the solvency of the mixture for the zwitterionic
and hydrophobic polymer segments changes, leading to the
formation of nanostructured membrane selective layers.*
Thus, we prepared four solutions with the same copolymer:IL
ratio but simulating the evaporation of 21—45 wt % of TFE,
corresponding to copolymer concentrations that increased
from 10 to 16.9% (Table S2). Solutions with 13.8 and 12.4%
(w/v) (Figure S15) copolymer concentrations indicated the
presence of rigid rod-type features, indicated by the linearly
increasing asymptote in the Kratky plot (inset). No features
were observed for solutions with higher polymer concen-
trations of 15 and 16.9% (w/v). This implies that the
copolymer self-organizes into rod- or worm-like assemblies
during the evaporation of TFE after the coating solution is
spread onto the support, but this occurs only in a narrow
solution composition window. If the coating is immersed into
the nonsolvent while the coating solution is within this
window, these assemblies can be deposited onto the
membrane to form the thin, nodular selective layer observed
in the membranes.

These results indicate that solvent evaporation time is a
crucial factor in the formation of these supramolecular
assemblies. To demonstrate this, we also prepared membranes
by spreading the coating solution, air drying for varying
durations (20 s to 20 min), followed by immersion into water,

Scheme 1. Growth of Worm-Like/Cylindrical Assemblies during Formation of Zwitterionic Copolymer Membranes Prepared

Using IL/TFE Solvent Mixture”

“Cylinders (left) grow into longer interconnected assemblies (middle) that deposit onto porous substrate and merge to form ultrathin <200 nm
thick selective layer. The different colors in the schematic are used for visual clarity and illustration purposes.
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which leads to immediate precipitation. Membranes with the
shortest drying time of 20 s led to a permeance of 20 L/m?*hr-
bar, 4 times the permeance of the PO membrane. Membranes
with longer drying times resulted in thicker coatings and lower
permeances but the same selectivity (Figures S16—S18).

In this work, we described the formation of ultrathin,
nanostructured RZC selective layers by simply introducing an
IL cosolvent, boosting the permeance by up to 10 times with
no decline in selectivity. This enabled the manufacture of
membranes with ~1000 Da MWCO and permeances as high
as 50 L/m*hr-bar, an exceptionally high flux for this pore size.
We found that this increase in membrane permeance occurred
for a specific range of coating solution compositions, possibly
arising from the self-assembly of the RZCs upon partial
evaporation of TFE. This study also provides insights into
interactions between ILs and zwitterionic copolymers that may
be leveraged for various applications.
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