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Membranes that exhibit size-based rejection between small molecules (o1500 g/mol) independent of
solute charge would be valuable for many separations, but commercial membranes show poor and
unpredictable selectivity at this size range. This arises from high pore size polydispersity and charged
membrane surfaces that lead to separations affected by solute charge. Furthermore, these membranes
are susceptible to fouling. Self-assembly is a promising technique for making polymeric membranes with
fouling resistance, high permeability and selectivity along with opportunity for easy fabrication and
scalability. We report the first examples of a new class of membrane materials that derive their per-
meability, size-based selectivity and fouling resistance from the self-assembly of zwitterion-containing
amphiphilic random copolymers. Zwitterionic groups strongly resist biomacromolecular fouling due to
their high affinity with water, and self-assemble into channel-type clusters of 0.6–2 nm in size. We show
that these copolymers self-assemble into bicontinuous nanodomains. Thin film composite membranes
formed by coating these copolymers onto porous supports exhibit permeances as high as
8.4 L m�2 h�1 bar�1, over three times that of a commercial membrane with similar MWCO. They show
size-based selectivity, with a cut-off around 1 nm. This closely matches the size of zwitterionic domains
measured by transmission electron microscopy, indicating permeation occurs through these self-as-
sembled “nanochannels.” These membranes show excellent fouling resistance during filtration of protein
solutions and oil emulsions, completely resisting irreversible fouling and retaining over 96% of their
permeance during filtration. These membranes have potential uses in biomolecule separations, pur-
ification of pharmaceuticals, and wastewater treatment.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Membrane filtration is a green separation method with nu-
merous applications in the production of biochemicals, pharma-
ceuticals [1], food industry, and water treatment [2,3]. They are an
energy efficient, environmentally friendly and scalable separation
method in comparison with conventional processes like distilla-
tion and chromatography. To achieve wider use, better membranes
are needed that are capable of performing useful separations by
providing selectivity between desired components while exhibit-
ing ease of manufacturing, high flux and resistance to fouling,
described as the loss of membrane permeability due to the ad-
hesion of feed components on the membrane surface [3–7].

Membranes that exhibit size-based selectivity between small
molecules (o1500 g/mol) independent of solute charge would be
ani),
.edu (A. Asatekin).
valuable for many separations, especially in the manufacture and
purification of peptides and other low molecular weight bio-
pharmaceuticals [1,8] and nutraceuticals [9]. However, this re-
mains an area where very few commercial membranes are avail-
able. Ultrafiltration (UF) membranes are typically defined as
membranes with effective pore sizes in the 2–100 nm range [3].
They separate solutes based on size, but they are often limited to
retaining and separating macromolecular solutes such as proteins.
The few commercial UF membranes with nominal molecular
weight cut-off (MWCO) o5000 Da often suffer from high pore
size polydispersity. They are also often negatively charged to
prevent fouling [3,5,10], which affects rejection. Nanofiltration
(NF) membranes, designed for retaining doubly charged ions
[3,11], have reported pore sizes in the right range (1–3 nm), but
their true basis of separation is a hybrid between pore flow and
solution–diffusion mechanisms [3]. Rejection is strongly affected
by not only solute size but also charge and chemical interactions.
Neither UF nor NF membranes that are currently commercially
available exhibit predictable size-based selectivity.
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Fig. 1. Self-assembly of zwitterionic copolymers leading to the formation of ef-
fective “nanochannels” permeable to water and solutes. a. Schematic of the copo-
lymer (left) undergoing self-assembly to form the proposed nanostructure (right)
featuring bicontinuous networks of zwitterionic (indicated by green and blue
charged groups) and hydrophobic (pink) domains. The zwitterionic domains act as
a network of hydrophilic nanochannels �1 nm in diameter, held together by the
glassy hydrophobic domains. Water molecules and solutes smaller or equal to the
domain size (red) can enter these channels and permeate through the membrane,
while larger solutes (fuchsia) are retained. b. Chemical structures of the copolymers
– PTFEMA-r-SBMA, PMMA-r-SBMA, and PAN-r-SBMA (left to right). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Other researchers have prepared membranes with �1 nm
pores by narrowing the pores of track-etched membranes by
electroless gold deposition [12], molecular “squares” coated onto a
porous substrate to form thin film composite (TFC) membranes
[13], and lyotropic liquid crystal (LLC) assemblies [14–16]. Al-
though these membranes have pore sizes in the right range, they
suffer from one or more limitations. Most exhibit low flux, and
their fouling performance was not reported. LLC-based mem-
branes have charged surfaces, and hence have selectivity that is
strongly affected by solute charge [14–16]. Others are difficult and
expensive to manufacture at large scale [17–19].

Polymer self-assembly, which allows spontaneous formation of
nano-scale structures, is a promising tool for scalable manufacture
of membranes with controlled pore size and sharp selectivity
while maintaining high permeability [4,20–25]. Block copolymer
(BCP) self-assembly is documented to make membranes with
high-density uniformly sized pores using a bottom-up approach
[4,20,26], but requires tightly-controlled processing conditions. It
is also limited to pore sizes that can be achieved by BCP self-as-
sembly, above 3 nm [27]. As an alternative, Mayes and coworkers
have used comb-shaped copolymers with hydrophobic backbones
and hydrophilic poly(ethylene oxide) (PEO) side-chains, which
self-assemble to form bicontinuous microphases [21–24,28,29].
The hydrophilic phase acts as a network of nanochannels, �1–
2 nm in diameter. They have reported membranes with sub-
nanometer size selectivity and good antifouling capability. But
there are concerns regarding PEO stability in oxidizing environ-
ments [30,31] such as during in situ sterilization of filtration sys-
tems in the biopharmaceutical and food industries. This narrows
the applications these membranes can be used in.

Zwitterions, defined as neutral molecules with equal numbers
of positively and negatively charged functional groups, offer an
alternative and robust fouling resistance chemistry. They have
been shown to be highly resistant to biomolecular fouling due to
their high degree of hydration [32–37]. Since this discovery, many
researchers have improved the fouling resistance of membranes
by attaching zwitterionic groups on their surface, by post-pro-
cessing existing membranes [38–44] or by using zwitterionic
surface-segregating additives [45–47]. Two studies incorporated
zwitterionic groups in charged hydrogel layers to boost fouling
resistance [48,49]. However, amphiphilic zwitterionic copolymers
have not been explored as membrane selective layers themselves.
The self-assembly of zwitterionic groups is unexplored as a tool to
create membrane selective layers with tunable, controlled se-
lectivity in addition to fouling resistance.

Most studies on how zwitterionic amphiphiles self-assemble
center on simulation studies and micellization of zwitterionic
surfactants. Typical dipole moments of sulfobetaine-type zwitter-
ions are �18.7–27.6 D [50], whereas water is only 1.9 D. Due to the
presence of permanent dipoles and large electrostatic attractions,
antiparallel arrangement of dipoles is theoretically predicted to be
the most energetically favorable, and the formation of tubular
(channels) or lamellar (disk-like) structures are suggested to be
strongly favored, as opposed to spheres [34,51]. Studies on the
self-assembly of zwitterionic amphiphilic copolymers indicate that
zwitterions form clusters �1–5 nm in size, as measured by small
angle X-ray studies and solid state NMR, but do not report mor-
phology [52–58]. The self-assembly is driven by the strong dipole–
dipole interactions between the zwitterionic groups, as well as the
differences in χ parameter between the hydrophobic and zwit-
terionic repeat units [52–59].

Based on these studies, we would expect the morphology of
zwitterionic amphiphilic random copolymers to comprise a bi-
continuous network of channel-like domains of zwitterions, with
their dipoles in anti-parallel orientation, held together by the hy-
drophobic domains (Fig. 1a). We aim to use this hypothesis as a
guideline to rationally design polymers for the explicit purpose of
creating a self-assembled structure that will lead to the desired
membrane properties: permeability, selectivity, and fouling re-
sistance. We hypothesize that the zwitterionic, easily hydrated
domains can act as a bicontinuous network of “nanochannels”
suitable for solute and water permeation, held together by the
hydrophobic “channel walls.” This would make these polymers
promising materials for membrane selective layers that derive
their selectivity and permeability from this self-assembled na-
nostructure. The bicontinuous morphology leads to high perme-
ability with easy processing, without any need for alignment. The
hydrophobic component is selected to be rigid and glassy to pre-
vent swelling of the zwitterionic nanochannels that would other-
wise lead to the loss of selectivity and integrity when exposed to
water. The selectivity would be determined by zwitterionic do-
main size, expected to be �1 nm. Finally, due to the presence of
zwitterionic groups, we expect these membranes to be highly
fouling resistant.

In this study, we report the first examples of this new class of
high flux, fouling resistant membranes with �1 nm effective pore
size that feature self-assembling zwitterionic amphiphilic random
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copolymers as their selective layer, designed based on the above
hypothesis. We document the self-assembled morphology of am-
phiphilic random copolymers with glassy backbones and sulfo-
betaine side-groups imaged by transmission electron microscopy
(TEM). Membranes whose selective layers are composed of these
copolymers show a sharp cut-off based on solute size, in-
dependent of solute charge, that closely correlates with the zwit-
terionic domain spacing, around 1 nm. We also demonstrate the
excellent fouling resistance of these membranes.
2. Experimental

2.1. Materials

Sulfobetaine methacrylate (SBMA), azobisisobutyronitrile
(AIBN), 4-methoxy phenol (MEHQ), bovine serum albumin (BSA,
66.5 kDa), methyl methacrylate (MMA), acrylonitrile (AN), and li-
thium chloride (LiCl) were purchased from Sigma Aldrich (St.
Louis, MO). 2,2,2 Trifluoroethyl methacrylate (TFEMA) was ob-
tained from Scientific Polymer Products Inc (Ontario, NY). Tri-
fluoroethanol (TFE), basic activated alumina, dimethyl sulfoxide
(DMSO), methanol (MeOH), ethanol, isopropanol, hexane, tetra-
hydrofuran (THF), copper (II) chloride (CuCl2), and cesium chloride
(CsCl) were purchased from VWR (West Chester, PA). Deuterated
dimethyl sulfoxide (DMSO-d6) and deuterium oxide (D2O) were
obtained from Cambridge Isotope Laboratory (Tewksbury, MA).
DC193 surfactant was obtained from Dow Chemicals (Providence,
RI). All chemicals and solvents were reagent grade and used as
received, except TFEMA, AN and MMA monomers, which were
purified by passing through a basic activated alumina column.
PVDF 400R ultrafiltration membranes purchased from Sepro
Membranes Inc. (Oceanside, CA) were used as the base membrane
for our polymer coatings. Poly(ether sulfone) (PES) 1000 molecular
weight cut-off (MWCO) membranes (Sartorius) purchased from
Fisher Scientific Inc (Pittsburgh, PA) were used as control. Ultra-
pure deionized water generated by Biolab 3300 RO, a building-
wide RO/DI water purification unit by Mar Cor Purification was
used for all the experiments.

2.2. Synthesis of zwitterionic amphiphilic copolymers

2.2.1. Synthesis of PTFEMA-r-SBMA copolymers
SBMA was dissolved in dimethyl sulfoxide using approximately

20 ml of DMSO per gram of SBMA in a round-bottomed flask.
TFEMA was passed through a column of basic activated alumina to
remove the inhibitor and added to the flask, totaling 10 g of
monomer mixture, followed by 0.01 g of azobisisobutyronitrile.
The flask was sealed with a rubber septum, purged with nitrogen
gas and placed in an oil bath at 70 °C. The reaction was allowed to
run for at least 20 h. 0.5 g of 4-methoxyphenol was added to the
flask to terminate the reaction. Copolymers with an SBMA content
of �50% were precipitated in a 50:50 mixture of THF and MeOH.
Copolymers with a higher SBMA content (450%) were pre-
cipitated in methanol, while those with lower amount of SBMA
were precipitated in a 50:50 mixture of ethanol and hexane. In
each case, the precipitate was vacuum filtered, extracted with
methanol twice for at least 8 h to remove remaining solvent and
monomers. The final product was dried in the vacuum oven
overnight at 50 °C. The copolymer composition was determined by
1H-NMR spectroscopy.

2.2.2. Synthesis of PMMA-r-SBMA and PAN-r-SBMA copolymers
PMMA-r-SBMA and PAN-r-SBMA were also synthesized by free

radical polymerization using an analogous procedure. 5 g of SBMA
was dissolved in dimethyl sulfoxide using approximately 20 ml of
DMSO per gram of SBMA in a round-bottomed flask. 5 g of MMA
(or AN) was passed through a column of basic activated alumina to
remove the inhibitor and added to the flask, totaling 10 g of
monomer mixture, followed by 0.01 g of AIBN. The flask was
sealed with a rubber septum, purged with nitrogen gas and placed
in an oil bath at 70 °C. Reaction was allowed to run for at least
20 h. 0.5 g of 4-methoxyphenol was added to the flask to termi-
nate the reaction. Copolymers were precipitated in methanol, the
precipitate was vacuum filtered, extracted with methanol twice for
at least 8 h to remove remaining solvent and monomers. The final
product was dried in the vacuum oven overnight at 50 °C. The
copolymer composition was determined by 1H-NMR spectroscopy.

2.3. Characterization of PTFEMA-r-SBMA copolymers

2.3.1. Molecular weight
In order to estimate the molecular weight of these copolymers,

we performed dynamic light scattering (DLS) (Brookhaven In-
struments Nanobrook ZetaPALS). A 35 mW red diode laser with a
nominal wavelength of 659 nm was used as the light source. All
the measurements were done on copolymer solutions in TFE at a
concentration of 1 mg/ml at a scattering angle of 90° and a tem-
perature of 25 °C, which was controlled by means of a thermostat.
A 0.2 mm filter was used to remove dust before light scattering
experiments. After stabilization of samples for two minutes, three
measurements were performed for each copolymer ratio. The ef-
fective hydrodynamic radius and relative molecular weight based
on polyacrylonitrile standards in dimethyl formamide (DMF) were
determined by the instrument software (BIC Particle Solutions v.
2.5).

2.3.2. Self-assembled nanostructure
To characterize the morphology of the self-assembled structure

of PTFEMA-r-SBMA, we used transmission electron microscopy
(TEM). TEM images were obtained by FEI Technai Spirit in bright
field mode operated at 80 keV. Copolymer films were cast from
10% (w/v) trifluoroethanol (TFE) solution into Teflon dishes. To
enhance contrast, zwitterionic domains were positively stained
with 2% aqueous copper (II) chloride (CuCl2) solution for 4 h. CuCl2
was chosen because sulfobetaine and copper form stable com-
plexes [61]. Similar images for P50 copolymer were observed by
staining with cesium chloride (CsCl), but Cs seemed to form
clusters of dark regions instead of homogeneous staining, and
hence was not as suitable as CuCl2. Stained films were embedded
in EMbed 812 epoxy resin for two nights with frequent epoxy
replacement, and ultrathin �50 nm sections cut using an ultra-
microtome were placed on copper grids (200 mesh, Electron Mi-
croscopy Sciences). TEM acquisition was performed by Dr. Nicki
Watson at W. M. Keck foundation Biological Imaging Facility at the
Whitehead Institute. Fast Fourier Transform analysis was per-
formed on the TEM images using ImageJ software.

To measure water uptake, solvent-cast films of PTFEMA-r-
SBMA, approximately 50 mg in mass, were weighed in their dry
state. They were then immersed in deionized water for 24 h. The
samples were removed, dabbed with a lint-free wipe to remove
water on the surface, and reweighed. Water uptake (wt%) was
calculated from the difference between the two measurements
divided by the dry weight.

2.4. Preparation of thin film composite membranes

Copolymers were dissolved in TFE at 50 °C to make a 10% w/v
solution. The resulting solution was passed through a 1 mm glass
fiber syringe filter (Whatman) and degassed by heating to 50 °C in
a sealed vial for at least an hour until no gas bubbles were visible.
Solution was brought to room temperature and thin film
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composite membranes were formed by coating onto PVDF 400R
ultrafiltration membrane (Sepro membranes, Oceanside, CA) with
a doctor blade set at a gate size of 25 mm. The membrane was
immersed immediately in a bath of isopropanol for 20 min, fol-
lowed by deionized water at least overnight.

2.5. Characterization of membrane morphology

Membrane thickness and morphology was characterized by
using Phenom G2 Pure Tabletop Scanning electron microscopy
(SEM) operating at 5 kV. Membrane samples were freeze-fractured
using liquid nitrogen for cross-sectional examination, and sputter
coated with gold-palladium before imaging.

2.6. Characterization of membrane performance

Filtration experiments were performed on 25 mm diameter
membranes using a 10 ml Amicon 8010 stirred, dead-end filtration
cell (Millipore) with an effective filtration area of 4.1 cm2, attached
to a 1 gal reservoir. All filtration experiments were performed by
applying a transmembrane pressure of 20 psi (1.4 bar). Filtration
cells were continuously stirred using a stir plate to minimize
concentration polarization. Deionized water was first passed
through the membrane until the flux remained stable over at least
30 min. Upon stabilization, permeate was collected at 15 min in-
tervals for an hour, and weighed to determine the transmembrane
flux. Flux is the flow rate through the membrane normalized by
membrane area. Permeance is a membrane property that nor-
malizes the flux to account for the applied transmembrane pres-
sure difference, and is obtained by

L
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Δ
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Where Lp is the permeance of the membrane
(L m�2 h�1 bar�1), J is the water flux across the membrane
(L m�2 h�1),Δp is the trans-membrane pressure (bar), and Rtotal is
the resistance of the TFC membrane to flow (L�1 m2 h1 bar1). To
account for the hydraulic resistance posed by the support mem-
brane, we used the resistance-in-series model. Having obtained
the permeance of the thin film composite membrane, we calcu-
lated total resistance to flow using Eq. (1). The permeance of the
uncoated PVDF 400R base membrane was experimentally mea-
sured and found to be 1340 L m�2 h�1 bar�1. We calculated the
resistance provided by the uncoated membrane by taking the in-
verse of its permeance. We obtained the copolymer coating re-
sistance using

R R R 2coating total support= − ( )

Where Rtotal is membrane’s total resistance (L�1 m2 h1 bar1),
Rsupport is the resistance of the uncoated support membrane
(L�1 m2 h1 bar1), and Rcoating is the resistance of the copolymer
coating (L�1 m2 h1 bar1). From the coating resistance we obtained
coating permeance. Finally, we calculated membrane permeability
by normalizing the permeance with coating thickness, defined as
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Where Pm is the membrane permeability
(L mm m�2 h�1 bar�1) and δ is the membrane thickness (mm). For
each copolymer ratio, at least three membrane samples from the
same sheet were tested.

To characterize the selectivity of our membranes, we filtered a
series of dyes and vitamins of various sizes. A 100 mg/L aqueous
solution of solute was filtered through the membrane. In case of
filtering solute mixtures, the total concentration was kept fixed at
100 mg/L. The first ml of filtrate was discarded, and the sub-
sequent 1–2 ml of filtrate was used to calculate rejection, which is
defined as

R
C C
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Where R is the solute rejection (%), Cf is the feed concentration
(mg/L), and Cp is the permeate concentration (mg/L). Solute con-
centration in the feed and permeate were measured by UV–vis
spectroscopy (Thermo Scientific Genesys 10S). For each copolymer
ratio, two membrane samples from the same sheet were tested.

Fouling tests were performed using the same equipment but a
slightly different setup for flux measurement. A Scout Pro SP401
balance connected to a Dell laptop was used to automatically
measure the permeate weight every 30 s using TWedge 2.4 soft-
ware (TEC-IT, Austria). The permeate flow occurs one droplet at a
time; hence the measured volume at each data point can vary by
1–2 droplets amounting to 0.05–0.1 ml. Two separate experiments
of 1500 mg/L oil-in-water emulsion (9:1 ratio of soybean oil:
DC193 surfactant) [62] and 1 g/L of Bovine serum albumin in PBS
buffer (pH 7.4) were performed. First deionized water was filtered
through the membrane until the flux stabilized. This was taken as
the zero time point in the plots. The cell and reservoir were filled
with the foulant solution. After filtering the foulant solution for
the selected time period, the cell was rinsed several times with DI
water and refilled with DI water to determine the reversibility of
fouling. Same procedure was followed for both foulants and for
zwitterionic membranes as well as controls. Protein concentration
in feed and permeate was quantified using UV absorbance at
280 nm. The permeate after filtering oil emulsions (gray) appeared
clear indicating retention of oil droplet components, and was not
further quantified.

2.7. Characterization of membrane stability

In order to confirm the stability of the membrane upon chlor-
ine exposure, samples were soaked in aqueous solution of sodium
hypochlorite at a concentration of 1000 ppm, adjusted to pH 7.1 by
the addition of small amounts of concentrated HCl, for three hours.
Chlorine solution was freshly prepared and the concentration of
free chlorine in the solution was confirmed using chlorine test
strips. After soaking in chlorine, the membrane was thoroughly
rinsed with water several times. To evaluate membrane perfor-
mance, water permeance and retention of one of the dyes right
around the cut-off (Chicago Sky Blue 6B) was measured before and
after soaking as described in Section 2.6.
3. Results and discussion

3.1. Synthesis of zwitterionic amphiphilic copolymers

We have synthesized statistical copolymers of sulfobetaine
methacrylate (SBMA), a zwitterionic monomer, with three rela-
tively hydrophobic monomers: acrylonitrile (AN), 2,2,2-tri-
fluoroethyl methacrylate (TFEMA), and methyl methacrylate
(MMA) (Fig. 1b). The monomers were selected to have homo-
polymer glass transition temperatures significantly above room
temperature (74 °C for PTFEMA, 100 °C for PAN, 110 °C for PMMA)
so that the material would remain rigid even upon the hydration
of the zwitterionic groups. Free radical copolymerization was used
due to its robustness and scalability. Fig. 2 shows the reaction
scheme for the free radical polymerization of PTFEMA-r-SBMA
copolymers. Other copolymers were synthesized by analogous
reaction schemes.



Fig. 2. Schematic showing the synthesis of PTFEMA-r-SBMA copolymer using free
radical polymerization of TFEMA (left) and SBMA (right) monomers.

Fig. 3. 1H-NMR spectra of amphiphilic zwitterionic copolymers. Plots indicate
successful copolymerization of PTFEMA-r-SBMA (top), PMMA-r-SBMA (middle),
and PAN-r-SBMA (bottom) with an SBMA content of 25%, 42% and 52% respectively
by weight.
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All three copolymers were synthesized successfully (Fig. 3).
PTFEMA-r-SBMA copolymers with SBMA contents ranging be-
tween 30 and 70 wt% were synthesized. Conversion at the end of
the reaction period was �70%. Copolymer composition was
characterized by 1H-NMR (Bruker Avance III 500 MHz) using 1%
LiCl in deuterated DMSO. Sample spectra and peak assignments for
the three polymers are given in Fig. 3.

PTFEMA-r-SBMA copolymer compositions were found to be
within �5% of monomer composition in the reaction mixture
(Table 1), indicating that copolymerization was essentially random
[63]. 1H-NMR showed that PAN-r-SBMA synthesized from a
monomer mixture containing 50 wt% SBMA contained 52 wt%
SBMA, essentially identical to the monomer composition in the
reaction mixture. PMMA-r-SBMA, also synthesized from a mono-
mer mixture with 50 wt% SBMA, was slightly enriched in MMA,
and contained 42 wt% SBMA. While only one monomer ratio was
tested for these copolymers, the fact that SBMA is not highly en-
riched in the copolymer indicates that large SBMA blocks are not
likely to be present. All three copolymers are white and glassy, and
soluble in dimethyl sulfoxide, trifluoroethanol and formamide.
After initial screening, PTFEMA-r-SBMA copolymers were found to
show better processability for membrane manufacture. Therefore,
additional compositions of PMMA-r-SBMA and PAN-r-SBMA were
not prepared for this study.

3.2. Characterization of PTFEMA-r-SBMA copolymers

3.2.1. Characterization of molecular weight
To estimate the molecular weight of PTFEMA-r-SBMA copoly-

mers, we performed dynamic light scattering (DLS) on 1 mg/ml
solutions of the copolymers in trifluoroethanol. P50, P40 and P30
copolymers had effective hydrodynamic radii of 33.370.11 nm,
30.370.5 nm, and 34.971.9 nm, respectively. These were con-
verted to relative molecular weights calculated by the software
Brookhaven Particle Solutions v. 2.5 based on an internal database
of standards (polyacrylonitrile standards in dimethyl formamide).
These radii were found to correspond to a molecular weight of
1.37�106 g/mol, 1.19�106 g/mol, and 1.65�106 g/mol for P50,
P40 and P30 copolymers respectively. It should be noted that these
molecular weights are relative values of polymer chains of
equivalent hydrodynamic radius. These results are affected by
polymer chains aggregating in solution, and is highly dependent
on polymer–solvent interactions [60]. Nevertheless, it provides
valuable information about an order-of-magnitude estimate of
molecular weight. The large relative molecular weights indicate
that the copolymers are also long chains, likely above the en-
tanglement molecular weight.

3.2.2. Characterization of the self-assembled morphology
To characterize the morphology of the self-assembled structure

of PTFEMA-r-SBMA copolymers, we used TEM. Zwitterionic do-
mains were preferentially stained by immersion into 2% aqueous
CuCl2 solution, relying on the formation of stable complexes be-
tween sulfobetaine and copper [61]. Fig. 4 shows bright field TEM
images of PTFEMA-r-SBMA copolymers with 47 wt% (P50) and
25 wt% (P30) SBMA. P50 shows bicontinuous networks with both
TFEMA and SBMA. This self-assembled structure has similarities
with those reported for Nafion [64], which is also a copolymer
with a fluorine-containing backbone and highly polar side-groups.
The dark areas (stained SBMA domains) were measured to be 48%



Table 1
Composition of PTFEMA-r-SBMA copolymers used in this study.

Polymer code SBMA content in
monomer mixture
(wt%)

SBMA content in
PTFEMA-r-SBMA
(wt%)a

Water uptakeb

(%)

P50 50 47 37.1
P40 40 36 26.9
P30 30 25 0.6

a Determined by 1H NMR spectroscopy.
b Solvent-cast polymer films soaked in water for 24 h.
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of the total area (Image J), consistent with the copolymer com-
position. The domain periodicity of �2.4 nm/cycle was de-
termined from the fast fourier transform (FFT) image, corre-
sponding to a domain size of �1.2 nm. In contrast, P30 shows
sparsely packed, less interconnected zwitterionic domains sur-
rounded by large hydrophobic (white) regions, with the dark areas
corresponding to 27% of the total area. Decreasing the zwitterionic
content seems to visibly affect the copolymer morphology. Due to
low zwitterionic content in the P30 copolymer, the stain was seen
to penetrate the sample less effectively, accumulating on the sur-
face of the film at the interface with the epoxy, as observed in
Fig. 4c. Therefore, an accurate channel size cannot be obtained
from this image. Nevertheless, it is still possible to conclude that
copolymers with zwitterionic content less than or equal to P30
(25 wt%) do not have sufficient SBMA to form an interconnected
network of channels that percolates through the thickness of the
film.

These results are also supported by the amount of water uptake
when copolymer pieces were soaked in water for 24 h (Table 1).
Water uptake is found to be closely correlated with the zwitter-
ionic content in the copolymer. P50 and P40 copolymers took up
37 and 27 wt% of water, while P30’s weight change was negligible.
This suggests that at low zwitterion contents, water is not able to
effectively penetrate the copolymer due to the poor inter-
connectivity between zwitterionic domains. Conversely, copoly-
mers with SBMA contents 60 wt% and above would swell ex-
tensively, disintegrate and partially or fully dissolve in water. This
indicates that there is a copolymer composition range that am-
phiphilic zwitterionic copolymers can operate as permeable
membrane selective layers.

3.3. Preparation of thin-film composite membranes

To study membranes whose selective layers are made of these
copolymers, we prepared thin film composite membranes by
Fig. 4. TEM bright field images of the self-assembled morphology of PTFEMA-r-SBMA c
with Cu2þ ions and appear dark. PTFEMA phase forms the lighter regions. Inset shows F
arrow. a. TEM image for P50, containing 47 wt% SBMA, shows interconnected SBMA dom
b. TEM image for P30, containing 25 wt% SBMA, exhibits sparsely packed, less interconne
showing uneven penetration and accumulation of stain on the outer surface of the mic
coating commercially available ultrafiltration support membranes
with the copolymer dissolved in trifluoroethanol (TFE) using a
doctor blade and immersing in isopropanol to quickly precipitate
the polymer. We achieved TFC membranes with dense coating
layers of PTFEMA-r-SBMA �1 μm in thickness as seen under a
Scanning Electron Microscope (SEM), except for the P30-coated
membrane (Fig. 5). Coatings made from P30 were asymmetric,
with a thin non-porous skin supported by a porous copolymer
layer on top of the support membrane. Dense versus porous
coatings are attributed to the differences in solvent/non-solvent
diffusivity and solvent/non-solvent quality for the various copo-
lymer compositions [3]. Since PTFEMA-r-SBMA copolymers
showed better processability for membrane manufacture, we fo-
cused most of our studies on them. Membranes with PAN-r-SBMA,
and PMMA-r-SBMA were prepared in a similar fashion and will be
discussed later on in Section 3.4.2.2.

3.4. Characterization of PTFEMA-r-SBMA TFC membrane
performance

3.4.1. Water permeability
To characterize the membrane performance, we performed

dead-end stirred cell filtration experiments with deionized (DI)
water applying a transmembrane pressure of 20 psi (1.4 bar).

P50 and P40-coated membranes showed high water per-
meances, up to 8.4 L m�2 h�1 bar�1 (Table 2). We selected a
commercial membrane with a similar size cut-off as ours as a
control, a poly(ether sulfone) (PES) membrane with a reported
nominal molecular weight cut-off (MWCO) of 1 kDa (Sartorius).
The water permeance of this membrane was
2.5570.1 L m�2 h�1 bar�1, significantly lower than P40-coated
and P50-coated membranes.

Water permeance of TFC membranes depends strongly on se-
lective layer thickness. Most reverse osmosis (RO) and nanofiltra-
tion (NF) TFC membranes have selective layer thicknesses as low
as 0.1 mm, much thinner than those of the TFC membranes de-
scribed here. With optimized coating methods to reduce the se-
lective layer thickness, even higher permeances can be achieved.
To account for the effect of selective layer thickness, we obtained
the water permeability of the synthesized copolymers as described
earlier. An accurate permeability could not be calculated for P30 as
the coated membrane had a porous selective layer. We calculated
the permeabilities of P50 and P40 selective layers to be 10.5 and
6.9 L mm m�2 h�1 bar�1 respectively. In comparison, selective
layer permeabilities of RO and NF membranes are in the range
0.047–0.28 L mmm�2 h�1 bar�1 and 0.3–1.8 L mm m�2 h�1 bar�1,
respectively [65]. This indicates that the PTFEMA-r-SBMA
opolymers with different SBMA contents. Zwitterionic SBMA domains were stained
ast Fourier Transform of the image, with the characteristic period indicated on the
ains with a characteristic period of �2.4 nm, yielding a channel size around 1.2 nm.
cted SBMA domains. c. TEM of the interface between the P30 copolymer and epoxy,
rotomed sample.



Fig. 5. Cross-sectional SEM images of uncoated support membrane, and thin film composite (TFC) membranes with PTFEMA-r-SBMA selective layers with varying SBMA
contents. (a,e) Uncoated support membrane (PVDF 400R). (b,c,d,f,g,h) TFC membranes made by coating the support membrane with (b,f) P50 (c,g) P40 (d,h) P30. P50 and P40
coated membranes show a dense �1 μm copolymer coating, while the coating made of P30 shows a thin, dense selective layer at the surface of a porous copolymer layer. (a,
b,c,d) 10,000� magnification, (e,f,g,h) 5000� magnification.

Table 2
DI water permeance and permeability of PTFEMA-r-SBMA thin film composite
(TFC) membranes in comparison to a commercial membrane of similar pore size.

Membrane
coating
material

Permeance
(L m�2 h�1 bar�1)

Coating
thickness (mm)

Permeabilityb

(L mmm�2 h�1 bar�1)

P50 8.470.35 1.2570.31 10.570.45
P40 5.970.15 1.1670.06 6.970.15
P30 0.3370.03 21.476.84 Porous layer
PES 1 kDaa 2.5570.1 N/A N/A

a Commercial membrane (Sartorius).
b Calculated using resistance in series model.

Table 3
Chemical name, size, charge, and absorbance wavelength of small molecule probes
used in the filtration experiments.

Solute name Size (nm) Charge λ (nm)

Brilliant Blue R 1.11 �1 553
Direct Red 80 1.08 �6 528
Chicago Sky Blue 6B 0.88 �4 618
Acid Blue 45 0.84 �2 597
Ethyl Orange 0.82 �1 474
Methyl Orange 0.79 �1 479
Vitamin B12 1.3 0 361
Vitamin B2 0.85 0 445
Vitamin B6 0.72 0 324
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copolymers with at least 36 wt% SBMA show significantly higher
permeabilities than commercial NF and RO selective layers.

P50 copolymer permeability was 54% higher than that of P40,
showing that the copolymer permeability is directly proportional
to the SBMA content (wt%) for these two. This indicates that the
effective porosity, or the volume fraction of nanochannels, is di-
rectly proportional to the zwitterionic monomer content. In con-
trast, P30-coated membrane showed very low permeance despite
its very thin non-porous selective layer, in agreement with the
poor interconnectivity between zwitterionic domains observed by
TEM.

3.4.2. Membrane selectivity
A crucial property of membranes is their selectivity. Based on

our hypothesis, we would expect our membranes to exhibit size-
based selectivity with an effective pore size comparable to this
measured domain size, �1 nm. Since these copolymers are elec-
trostatically neutral overall, their selectivity should not be affected
by solute charge. Hence, TFC membranes whose selective layers
are composed of the proposed copolymers are expected to have
size-based selectivity, with a cut-off around 1 nm. This corres-
ponds to a molecular weight cut-off on the order of 1000 g/mol
[66]. To characterize membrane selectivity, we performed dead-
end stirred cell filtration experiments with a series of small or-
ganic molecules. We selected negatively charged dyes and vita-
mins with overall neutral charge (Table 3), because these are rigid
molecules whose sizes are comparable with the measured domain
size. Molecular diameters were calculated by determining the
molecular volume of the solute using Molecular Modeling Pro
(ChemSW) and calculating the diameter of a sphere of equivalent
volume [21,23,29].

3.4.2.1. Effect of zwitterionic content in the copolymer. Fig. 6a shows
the rejection of negatively charged dyes through P50, P40 and
P30-coated membranes. These membranes exhibit sharp se-
lectivity with a size cut-off around 0.8�1 nm, essentially in-
dependent of copolymer composition. This size cut-off is likely an
underestimate, as the method of calculating the dye sizes does not
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Fig. 6. Selectivity of TFC membranes with amphiphilic zwitterionic copolymer selective layers in comparison to a commercial membrane of similar pore size. a. Rejection of
anionic dyes by PTFEMA-r-SBMA TFC membranes with varying SBMA contents. All three membranes show a sharp sized-based cut-off. Copolymer composition does not
affect the size cut-off significantly. b. Rejection of anionic dyes by TFC membranes with selective layers of zwitterionic amphiphilic copolymers with three different hy-
drophobic components: PTFEMA-r-SBMA (P50), PMMA-r-SBMA, and PAN-r-SBMA. All membranes show essentially the same size cut-off, supporting the hypothesis that
zwitterion self-assembly determines channel size and selectivity. (c,d) Rejections of charged (filled symbols) and neutral (empty symbols) dyes by c. P50 coated membrane
and d. commercial PES 1 kDa membrane. Charged and neutral dyes roughly fit onto a single rejection curve (standard error of regression S¼5.12) for the P50-coated
membrane, demonstrating the selectivity is size-based, and not charge-based. In comparison, the commercial PES 1 kDa membrane shows a poor S-curve fit (standard error
of regression S¼24.3) and wide spread of rejections, indicating a lack of size-based selectivity. Error bars indicate maximum and minimum values for each data point.
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take the hydration shell around the dyes into account. The chan-
nels are also partially filled with the zwitterionic groups, which
can decrease the effective channel size. Hence, the dye filtration
results are in close agreement with the nanochannel size �1.2 nm
measured with TEM. The fact that the size cut-off does not change
with copolymer composition supports our hypothesis that the
channel size is determined by the electrostatic interactions be-
tween the zwitterionic groups. It also demonstrates that changing
the SBMA content affects the number of nanochannels, not the
size. This further explains the differences in permeances between
P50, P40 and P30-coated membranes. The fact that there is some
permeability observed for P30 coated membranes, together with
dye retention curves comparable with the other PTFEMA-r-SBMA
coated membranes, indicates that a small number of zwitterionic
domains indeed percolate through the thickness of this copolymer,
at least when it is hydrated [67].

3.4.2.2. Effect of backbone chemistry. To test our hypothesis that
channel size is determined by the zwitterionic group, we filtered
the same dyes through the other two zwitterionic amphiphilic
copolymers mentioned previously that were synthesized with
SBMA contents in the monomer mixture comparable to P50.
Fig. 6b shows the rejection curves for TFC membranes made with
PAN-r-SBMA (52 wt% SBMA), PTFEMA-r-SBMA (47 wt% SBMA),
and PMMA-r-SBMA (42 wt% SBMA) copolymers. The pure water
permeances of these membranes were 170.03 L m�2 h�1 bar�1,
8.470.35 L m�2 h�1 bar�1 and 10.770.1 L m�2 h�1 bar�1. These
three membranes, whose selective layers are composed of copo-
lymers with different hydrophobic backbone polymer but same
zwitterion, have essentially the same size cut-off. This implies that
the zwitterionic group determines the effective channel size and
hence membrane selectivity.

3.4.2.3. Effect of solute charge. Fig. 6c and d shows the rejection of
negatively charged and electrically neutral molecules. For the P50-
coated membrane, charged and neutral solutes approximately fit
onto a single rejection curve, especially at high rejections that are
useful for most separations, with a standard error of regression S
value of 5.12 which tells us the average distance of data points
from the fitted line (Fig. 6c). This indicates that the selectivity of
these new membranes is size-based and not strongly affected by
solute charge. This is because the PTFEMA-r-SBMA copolymer is
electrically neutral, so the selectivity of the membrane is driven
not by electrostatic effects commonly seen in NF and RO mem-
branes, but by size-based sieving.

In comparison, the commercial PES 1 kDa membrane shows a
less consistent correlation between solute size and rejection
(Fig. 6d). The fit of a typical S-curve to this data is poor, with a
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standard error of regression S value of 24.3, since solute rejections
deviate widely, especially right around the cut-off. Furthermore,
rejections were observed to vary widely from swatch to swatch.
This limits the ability to predict the applications in which the PES
1 kDa membrane can be used, as rejection depends on the parti-
cular solute, rather than only its size. Our membranes, on the other
hand, demonstrate a sharp, size-based selectivity essentially in-
dependent of charge, unlike most commercial membranes in-
cluding the one tested here.

3.5. Small molecule separation capability

To demonstrate the separation capability of our membranes, a
solution containing 50 mg/L each of two negatively charged dyes,
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Fig. 8. Dead-end-filtration of foulant solutions through PTFEMA-r-SBMA TFC membranes
Plots show the initial permeance of water (diamonds), followed by the permeance of th
and water permeance is measured again (diamonds). In each case, PTFEMA-r-SBMA cop
solutions, whereas the commercial membrane shows significant irreversible flux loss.
Albumin in Phosphate Buffered Saline solution (P40-coated membrane, commercial PES
1 kDa). Inset shows a photo of the feed (left) that is gray in color and permeate (right)
Brilliant Blue R (1.1 nm) and Methyl Orange (0.79 nm), was filtered
through P50-coated TFC membrane. Fig. 7 shows the UV–visible
spectra of each of these dyes, as well as the feed and permeate.
The filtrate spectrum follows that of methyl orange at 70% of the
initial concentration. The characteristic peak of Brilliant Blue R at
553 nm is not observed in the filtrate, indicating the dye was re-
tained and separated completely.

3.6. Fouling resistance to model organic foulants

3.6.1. Protein (BSA) fouling
We tested the fouling resistance of PTFEMA-r-SBMA mem-

branes with two representative feeds. Proteins are common fou-
lants that show a strong tendency to adsorb on many surfaces,
making them especially problematic. We used a solution of 1 g/L
bovine serum albumin (BSA) in phosphate buffered saline (PBS).
We found that the P50 copolymer showed some solubility in PBS,
even though it was stable in deionized water. Zwitterionic poly-
mers are known to “salt in” and become more soluble in saline
solutions [34,38]. To prevent this issue, we performed this test on
the P40-coated membrane, which was stable even at high salinity.
BSA retention was 499%, consistent with the reported globular
dimensions of the protein (8 nm by 3 nm) [68] and the membrane
pore size. Fig. 8a shows that during protein filtration, there is only
a small decline in flux (7% over 24 h). The flux is fully recovered
(499%) after rinsing the cell with DI water. The fluxes before and
after are within error margins of each other. In comparison, the
commercial 1 kDa PES membrane exhibited a flux decline of 41%
which was not recovered after the water rinse.

3.6.2. Oil-in-water emulsion fouling
As a second foulant, we selected an oil-in-water emulsion.

Large volumes of oily wastewaters are produced by oil and pet-
roleum industry and their adequate disposal or treatment remains
a big challenge [29]. We filtered a 1500 mg/L oil-in-water emul-
sion prepared using a 9:1 ratio of soybean oil to DC193 surfactant
[62] for 50 h. The commercial PES 1 kDa membrane fouled rapidly
and lost 88% of its permeance irreversibly (Fig. 8b). In comparison,
the P50-coated TFC membrane exhibited exceptional fouling re-
sistance. The flux declined only by 4% by the end of the experi-
ment, and was completely recovered with a DI water rinse. The
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fluxes before and after are within error margins of each other.
These experiments show that this new class of membrane

materials shows excellent fouling resistance, even with demand-
ing feeds and in a dead-end configuration. Membrane permeances
can be recovered with a water rinse to levels that are statistically
indifferent from their initial value. In other words, these mem-
branes resist irreversible, adsorptive fouling completely, at least
for the time periods used in this study. This means that these
membranes can be cleaned completely with a water rinse, ob-
viating the use of cleaning chemicals and significantly extending
membrane life. The fouling resistance mechanism of these mem-
branes is likely associated with the high degree of hydration of the
zwitterionic groups. Future studies will focus on better under-
standing the interaction between this class of membrane materials
and common foulants, especially because this degree of fouling
resistance is very rare, reported for only a few membrane mate-
rials [22,23,69].

3.7. Membrane stability and chlorine resistance

Zwitterionic materials are reported to show better chlorine
resistance than PEO-based anti-fouling chemistries. To confirm
this advantage, we tested the chlorine resistance of a P40-coated
TFC membrane by soaking it in 1000 ppm sodium hypochlorite in
water at a pH of 7.1 for 3 h. The pure water permeance was
measured to be 6.3470.02 L m�2 h�1 bar�1 both before and after
chlorine exposure, exhibiting no decline in flux after soaking. We
also filtered a dye that is right around the size cut-off, Chicago Sky
Blue 6B (0.88 nm). The dye retention showed no change within
error margins, at 9470.7% before chlorine exposure and 9570.7%
after. These results indicate excellent resistance to oxidative da-
mage by chlorine.
4. Conclusions

This is, to our knowledge, the first time zwitterionic amphi-
philic copolymers were used as membrane selective layers, and
the first time the morphology of the self-assembly of such copo-
lymers is shown by TEM. The data indicates a close correlation
between the self-assembled nanostructure of the copolymer, and
the performance of membranes whose selective layers they form.
There is a close match between the effective size cut-off of the
membranes and the zwitterionic domain size measured by TEM
(�1.2 nm), indicating that the permeate passes through the net-
work of zwitterion-filled, hydrophilic nanochannels. Solutes that
cannot fit within these channels, the size of which is determined
by the zwitterion structure, are retained regardless of their charge.
Furthermore, their selectivity is sharp and size-based. These
membranes exhibit high pure water permeabilities, significantly
above the commercial membrane with comparable MWCO. They
are also completely resistant to irreversible fouling within our
measurements, showing negligible flux decline upon filtering an
oil-in-water emulsion and a protein solution. The high flux, sharp
selectivity, and exceptional fouling resistance of these membranes
makes them promising for biomolecule separations, textile was-
tewater, and filtration of feeds with large fouling potential.
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