
www.advmatinterfaces.de

2102496  (1 of 12) © 2022 Wiley-VCH GmbH

Research Article

Ultra-Fast Click Modification of Self-Assembled Zwitterionic 
Copolymer Membranes for Enhanced Ion Selectivity

Abhishek N. Mondal, Samuel J. Lounder, Luca Mazzaferro, and Ayse Asatekin*

DOI: 10.1002/admi.202102496

processing, and buffer exchange and purifi-
cation of peptides.[12–18] Nanofiltration (NF) 
membranes, defined by nominal pore diam-
eters of ≈1–3 nm, are typically considered 
for these separations, even though their 
selectivity is complex, incorporating size, 
charge, and polarity effects.[19,20] NF mem-
branes are typically thin film composite 
(TFC) membranes with cross-linked poly-
amide (PA) selective layers. While PA-TFC 
NF membranes are well-established in the 
industry, it is extremely difficult to con-
trol and tune their selectivity for specific 
separations. Their customization relies 
on empirical efforts and still offers lim-
ited capability in separating organic sol-
utes.[21,22] In addition, the PA chemistry is 
inherently prone to Furthermore, they are 
highly prone to fouling by various com-
ponents in feed water (e.g., biomacromol-
ecules, oil).[8] Fouling management through 
regular cleaning and membrane replace-
ment accounts for a significant portion of 

capital and operating costs.[20,23,24] Therefore, there is an urgent 
need for the development of novel material systems that exhibit 
high and controllable selectivity in the ≈1 nm range and resist 
fouling. In addition, the scalability of manufacturing methods 
needs to be seriously considered in developing such new mem-
brane materials. While many new membrane technologies with 
enhanced selectivity and/or fouling resistance have been reported 
in the scientific literature, many utilize techniques that are not 
easy to translate to roll-to-roll manufacturing such as multi-step 
processes (e.g., electroless deposition, chemical vapor deposition), 
long processing times (e.g., post-treatment or cross-linking reac-
tions that require hours or even days), batch processes that are 
difficult to apply to large areas (e.g., spin coating), etc. Novel mate-
rial chemistries for high selectivity and fouling resistance must, 
therefore, be designed to be incorporated into established mem-
brane manufacturing techniques seamlessly. Importantly, for roll-
to-roll manufacturing, processing times must be extremely short, 
on the order of seconds.

Polymer self-assembly, which involves the spontaneous 
formation of nano-scale structures through intermolecular 
interactions, can be an efficient tool to provide membranes 
with controlled pore size, high selectivity, and scalability. Self-
assembly and non-solvent induced phase separation (SNIPS) of 
block copolymers (BCPs) has been used to prepare asymmetric 
membranes with uniform pores and controlled pore function-
ality.[25–27] Although SNIPS is highly scalable,[28,29] it is difficult 
to reach small pore sizes via BCP self-assembly.

Membranes that can separate small molecules and ions are of immense 
interest in various separations. Self-assembling zwitterionic amphiphilic 
copolymers (ZACs) are extremely promising as exceptionally fouling-resistant 
membrane selective layers with narrow size cut-offs. However, it is difficult to 
tune their effective pore size within time frames compatible with roll-to-roll 
manufacturing. We report a novel, ultra-fast approach for tuning the pore size 
of ZAC-based membranes through thiol-ene click chemistry that brings the 
needed post-modification time from tens of minutes to only 10–40 s, making 
its integration feasible in large scale manufacturing systems. Resultant 
membranes have enhanced organic molecule and salt rejections, resulting in 
tunable mono-/divalent ion selectivity. For instance, cross-linking increases 
Na2SO4 rejections from <20% to up to 83%, while NaCl rejection remains 
below 30%. Furthermore, these membranes completely resist fouling by oil 
and proteins, outperforming commercial membranes. These results suggest 
that our cross-linked membranes have the potential to be used in separa-
tions in the food industry, pharmaceutical manufacturing, and wastewater 
treatment.
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1. Introduction

Membrane separations are energy-efficient, scalable, port-
able, simple to operate, and require no added solvents, appli-
cable to various sectors including pharmaceuticals, biological, 
desalination, food industry, and water treatment.[1–9] However, 
their broader use is often curtailed by limited selectivity and/or 
severe performance loss during operation due to fouling.[8,10,11] 
To broaden the applications where membranes are used, new 
and improved membrane materials that enable enhanced and 
customizable selectivity, high flux, and fouling resistance are 
needed. These novel membrane technologies should also be 
manufactured through scalable methods, and be resilient under 
realistic operating conditions.[8,9,11]

Membranes with tunable size-based selectivity between small 
molecules (1–2 nm) are of interest for many separations in the 
food industry, pharmaceutical manufacturing, textile dying and 
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Comb-shaped copolymers with hydrophobic backbones and 
polyethylene oxide (PEO) side chains can self-assemble to create 
fouling-resistant membranes with ≈1.5–2 nm effective pore 
sizes,[30,31] but the hydrolysis of the PEO side chains limits their 
use to neutral pH. Lyotropic liquid crystal (LLC) assemblies can 
achieve sub-nanometer, charged nanodomains that perform as 
promising reverse osmosis membranes, but their selectivity is 
not size selective due to their positively charged surfaces. They 
also require somewhat complex manufacturing with compara-
tively limited scalability.[32,33] Furthermore, it is extremely dif-
ficult to tune the effective pore size of comb-shaped copolymers 
and LLC-based membranes without synthesizing novel mate-
rials and optimizing their processing.

Our group has leveraged the self-assembly of random zwit-
terionic amphiphilic copolymers (ZACs) to form TFC mem-
branes with ≈1.2–1.5 nm effective pore size and excellent fouling 
resistance.[20,23,24] Zwitterions, defined as molecules with equal 
numbers of positive and negative charges connected by cova-
lent bonds, exhibit exceptional fouling resistance characteristics 
due to their high degree of hydration.[34] Many researchers have 
used this feature of zwitterionic groups to enhance fouling 
resistance by either modifying the membrane surface chemistry 
to attach zwitterionic moieties[35–37] or by coating membranes 
with zwitterionic hydrogels.[38] Zwitterions are also extremely 
polar, which drives microphase separation in a variety of zwitte-
rionic copolymer systems.[39,40] ZACs, random/statistical copol-
ymers combining a hydrophobic monomer with a zwitterionic 
monomer, microphase separate to form bicontinuous net-
works of zwitterionic and hydrophobic domains over a broad 
copolymer composition range (Figure  1A). The zwitterionic 
domains, bound by the hydrophobic domains of the copolymer, 
act as a network of zwitterionic nanochannels that permeate 
water and solutes small enough to enter them (Figure  1A). 
Thin film composite (TFC) membranes can be easily fabricated 
by coating ZACs onto a porous substrate to form a selective 
layer. Membranes with ZAC selective layers possess unprec-
edented fouling resistance due to the zwitterionic groups, com-
pletely resisting fouling by a broad range of foulants including  
oil/water emulsions, proteins, and components found in sur-
face water and wastewater effluents.[8,20,23]

The fouling resistance and small pore size make ZAC-based 
membranes exceptionally promising for treating wastewater 
streams, especially compared with ultrafiltration (UF) mem-
branes commonly used in these applications. However, the 
effective pore size of these membranes is too large for most 
applications where NF membranes are used. As-prepared  
ZAC-based membranes exhibit minimal salt rejection over 
a range of hydrophobic and zwitterionic monomer chemis-
tries.[20,23] Novel, scalable methods to tune the pore size of 
these membranes are needed to access important applications 
that require higher organics removal and mono-/divalent ion 
selectivity, including but not limited to waste water treatment, 
removal of small organic molecules, and water softening. Fur-
thermore, adapting ZAC-based membranes to exhibit NF-like 
selectivity would enable us to circumvent major limitations 
arising from the inherent chemical structure of interfacially 
polymerized polyamide NF membranes, including chlorine 
sensitivity[19,20] and fouling.[19,20,23,41]

Post-functionalization is a common approach for tailoring 
the properties and functionality of membranes after nanostruc-
ture formation.[42] This approach has previously been used to 
tune ion rejection and selectivity of membranes and to enhance 
fouling resistance.[42–45] However, in most common chemical 
reaction schemes used in lab-scale research, reaction rates are 
too low compared with time scales that are usable in large scale 
roll-to-roll membrane fabrication lines. For example, amine−
acyl halide coupling reactions used in the post-functionalization 
of polyamide reverse osmosis membranes require on the order 
of 5 min to complete,[45] while carbodiimide coupling reactions 
take up to 20 min.[44] We have recently shown that UV polymer-
ization photo-cross-linking of cross-linkable random ZACs can 
lead to smaller effective pore sizes with divalent/ monovalent 
ion selectivity and complete resistance to irreversible fouling. 
However, this process also requires 5–20 min of UV exposure 
for sufficient cross-linking.[19,41] These time scales are not fea-
sible in roll-to-roll systems, where residence times on the order 
of min are not possible within reasonable equipment sizes and 
operating parameters. Therefore, to truly impact large scale 
applications, post-fabrication techniques to tune and enhance 
membrane performance must occur in time scales measured 

Figure 1.  A) Schematic representation of self-assembly to generate bicontinuous networks of zwitterionic (shown with green and red charged groups) 
and cross-linkable hydrophobic (dark blue) domains. Water and small solutes can pass through the ZI domains. B) Synthesis scheme of a cross-linkable 
random zwitterionic copolymer (ZAC) and its cross-linking reaction through thiol-ene click chemistry.
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in seconds, and are simple to apply and execute. This is also 
true for tuning the selectivity of ZAC-based membranes for 
approaching novel, NF-type separations.

In this work, we have identified thiol-ene “click” chem-
istry as a chemical approach for ultra-fast cross-linking of  
ZAC-based membranes to achieve tunable effective pore sizes 
that extend into the NF range, bringing processing times from 
≈20 min down to 10s of seconds. Thiol-ene “click” chemistry is 
characterized by very high reaction rates, high conversions, and 
selective yields. These features make it a good choice for post-
functionalization of membranes in roll-to-roll systems, where 
short residence times with high yields are required.[46] To date, 
UV-initiated thiol-ene click chemistry has been used in polymer 
functionalization, dendrimer synthesis, or supramolecular 
catalysis.[46] This reaction has not been utilized as broadly in 
membrane functionalization. Studies report thiol-ene reac-
tions for cross-linking or functionalization of ion exchange 
membranes,[47,48] proton exchange membranes,[49] hydrogel 
thin films,[50] and cross-linked poly(ethylene glycol)/ionic liquid 
blend membranes for CO2 separation.[51] While each approach 
demonstrated some performance improvement, processing 
times were still too long for roll-to-roll manufacturing. While 
a handful of these reports used ≈10 min of UV exposure,[47] all 
others used UV or heating times measured in hours. Therefore, 
none of these studies demonstrated membrane modification in 
the ultra-fast time scales needed for roll-to-roll manufacture 
and scale up. Furthermore, none of these approaches are 
designed to accurately control the selectivity of membranes that 
are formed through polymer self-assembly.[44,45]

In this work, we demonstrate that thoughtful utilization of 
rapid thiol-ene click reactions can achieve ultra-fast and effec-
tive cross-linking of self-assembled ZAC membranes. This 
novel chemical approach enables us to tune membrane selec-
tivity and ion separations in a matter of seconds, decreasing 
processing time by over an order of magnitude compared with 
both past post-processing times used with ZACs[19] and with 
other reports of thiol-ene post-processing of various mem-
branes.[20,23,52] We show that the resultant membranes not only 
exhibit high and tunable monovalent/divalent ion selectivity, 
but also excellent fouling resistance. These novel membranes 
feature selective layers fabricated from the cross-linkable ZAC 
poly(allyl methacrylate-random-sulfobetaine methacrylate) 
(P(AM-r-SBMA)),[19] whose chemical structure is shown in 
Figure  1B. In previous work, we had used photo polymeriza-
tion as a cross-linking method. This required UV exposure 
times >5 min to observe any change; further increases in expo-
sure time lead to smaller pore size.[19] The key novelty of this 
work is the utilization of a new cross-linking chemistry, thiol-
ene click chemistry with a dithiol, to decrease the UV exposure 
time down to seconds. Cross-linking for only 10 seconds led 
to significant changes in pore size, and varying exposure time 
between 10 and 40 s was shown to further tune the effective 
pore size, salt rejections, and mono-/divalent ion selectivity. 
Resultant membranes exhibited high Cl-−/SO4

2- selectivities 
compared with many state-of-the-art membranes (Table S1). 
These thiol-ene cross-linked ZAC membranes provide com-
plete resistance to irreversible fouling by an oil/water emul-
sion or a protein solution, easily outperforming a commercial 
nanofiltration membrane in terms of fouling resistance. This 

work is a crucial step for the scalability of self-assembled cross-
linked ZAC based membranes that exhibit NF-range selectivity, 
and offers a novel chemical approach for fast cross-linking and 
functionalization of related membranes for further applications 
in the relevant fields of water purification, wastewater treat-
ment, bioprocessing, dye removal, and sensing.

2. Results and Discussion

2.1. Membrane Fabrication and Cross-Linking

The cross-linkable ZAC in this work was a statistical/random 
copolymer of sulfobetaine methacrylate (SBMA), a zwitteri-
onic monomer, and allyl methacrylate (AM), a hydrophobic 
monomer featuring a C=C double bond in its side-group that 
can undergo thiol-ene reactions. Through a thiol-ene reac-
tion with a dithiol, the AM units are cross-linked (Figure  1B, 
Figure  2). This cross-linking reaction, particularly when per-
formed in a solvent/plasticizer that preferentially partitions into 
the hydrophobic domains, prevents the swelling of zwitterionic 
domains when immersed in water. As a result, the effective 
pore size of the cross-linked ZAC-based membrane in water is 
smaller than that of its un-cross-linked counterpart. This prin-
ciple of decreasing pore size by cross-linking the hydrophobic 
phase was previously demonstrated by photo polymerizing the 
AM groups,[19] but the time scales required for this reaction 
were too long to be implemented in roll-to-roll manufacturing.

Activators regenerated by electron transfer atom transfer 
radical polymerization (ARGET-ATRP) was employed to syn-
thesize P(AM-r-SBMA) (Figure  1B).[19] The lower reactivity of 
allyl groups in this controlled polymerization reaction scheme 
allowed us to polymerize AM only through its more reactive 
methacrylate groups while keeping the allyl side-groups intact. 
This synthesis scheme is highly scalable, as ARGET-ATRP is a 
robust polymerization technique that enables the synthesis of 
designed polymers and copolymers at low temperatures without 
the need to remove water and protic species.[53] More recently, 
novel variations of ATRP have been developed to further 
improve scalability.[54] 1H NMR confirmed the active presence of 
allylic double bond (δ = 5.3 ppm; δ = 5.8 ppm) in the structure 
of P(AM-r-SBMA) (Figure S1, Supporting Information). The 

Figure 2.  Schematic representation of the associated UV assisted 
cross-linking
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overall SBMA content of the copolymer was calculated from this 
spectrum to be 47 wt%. This closely matches with our SBMA 
content in the reaction mixture. Given the relatively low conver-
sion of 10%, the close match between copolymer and reaction 
mixture compositions implies a roughly random arrangement 
of AM and SBMA repeat units along the polymer backbone. 
While this low conversion was used in the presented data set to 
ensure the solution did not form a cross-linked gel, conversions 
over 50% have been achieved in subsequent experiments with 
similar cross-linkable copolymers containing AM and zwitteri-
onic monomers without gelation. This indicates that this tech-
nique can be used in the future for reliable, scalable synthesis 
of this copolymer, without environmental impacts that signifi-
cantly surpass most specialty polymer products. The prepared 
copolymer is a white solid, soluble in trifluoroethanol (TFE) 
and dimethylsulfoxide (DMSO).

The poor solubility of P(AM-r-SBMA) in common solvents 
limited our ability to use gel permeation chromatography (GPC) 
to measure its molar mass. To estimate the relative molecular 
weight of the copolymer, we performed dynamic light scat-
tering (DLS) on a dilute solution of the copolymer in TFE. 
The copolymer showed an effective hydrodynamic radius of  
60.8 ± 1 nm, corresponding to a molar mass of 2.6 × 106 g mol−1  
based on polyacrylonitrile standards in dimethyl formamide. It 
is important to mention that the molecular weight represented 
here is a relative value of polymer segments having a compa-
rable hydrodynamic radius. Polymer chain aggregation and 
polymer-solvent interactions heavily influence the relationship 
between absolute molar mass and hydrodynamic radius,[55] 
though relative molar masses calculated by GPC also suffer 
from similar limitations. Therefore, this relatively high relative 
molar mass confirms that the synthesized copolymer is a long-
chain polymer.

The self-assembled nanostructured morphology of the syn-
thesized ZAC, P(AM-r-SBMA), was characterized using TEM. 
The zwitterionic nanodomains were positively stained by 
immersion in 2% aqueous CuCl2 for four hours to stain the 
zwitterionic nanodomain, as sulfobetaine groups and copper 
(II) ions form stable complexes.[19,23,24,56] As seen in the bright 
field TEM images in Figure  3, P(AM-r-SBMA) self-assembles 
to form interconnected bicontinuous networks of hydrophobic 

(bright) and zwitterionic (dark) nanodomains. The dark zwitte-
rionic domains are interconnected, showing a percolated net-
work through the film that allows the permeation of water. Fast 
Fourier Transform (FFT) analysis (Figure  3, inset) shows an 
average domain size of 1.4 nm. This morphology is similar to 
those observed for other ZACs.[19,24]

P(AM-r-SBMA) was coated onto a commercial support mem-
brane (Solecta, PS-35) to form a TFC membrane. For this pur-
pose, P(AM-r-SBMA) was dissolved in TFE to form a 5 wt% 
solution, which was coated on top of the support by using a 
wire-wound metering rod. This coated membrane was placed 
in an oven preheated to 65 °C for 12 min. Finally, the mem-
brane was taken out of the oven and immediately immersed 
in DI water overnight. This TFC membrane, as fabricated and 
without any cross-linking, is termed TCZ-0. Upon casting, the 
self-assembly of the ZAC led to the formation of a network of 
zwitterionic nanodomains that allow the permeation of water 
and solutes small enough to enter the zwitterionic nanochan-
nels, held together by the hydrophobic AM-rich domains 
(Figure 3).

After the formation of these TFC membranes, the hydro-
phobic AM repeat units were cross-linked using a thiol-ene 
click reaction with a dithiol (Figure 1B). Un-cross-linked TCZ-0 
membrane was soaked in a solution of IPA containing 1 wt% 
each of DMPA (photoinitiator) and 1,6-hexanedithiol for 10 min. 
Afterwards, the membrane was exposed to UV light for various 
time periods ranging 10–40 s. The membranes are identified as 
TCZ-10, TCZ-20, TCZ-30, and TCZ-40 respectively, with the last 
two digits specifying the UV curing time in seconds. During 
UV curing, DMPA acted as a photoinitiator and generated rad-
icals on 1,6-hexanedithiol, which then reacted with the allylic 
double bonds of AM repeat units (Figure  2). This led to the 
cross-linking of the hydrophobic domains, increasing rigidity 
and preventing the swelling of the zwitterionic nanochannels in 
aqueous environments as determined by the extent of reaction.

The cross-linking of the selective layer was confirmed by 
analyzing the chemical composition of the selective layer using 
ATR-FTIR spectroscopy (Figure 4). Most peaks corresponding 
to SBMA groups and the backbone, including sharp peaks at 

Figure 3.  Bright field TEM image of self-assembled nanostructure of 
P(AM-r-SBMA). Zwitterionic domains are positively stained with Cu2+ 
ions and appear dark. Inset shows Fast Fourier transform of the image.

Figure 4.  ATR-FTIR spectra of uncross-linked (TCZ-0) and cross-linked 
(TCZ-40) films of random zwitterionic copolymer P(AM-r-SBMA).
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≈1150 and ≈1070-1090 cm−1 associated with C-O-C and -SO3
− 

stretching,[57,58] remained similar in both TCZ-0 and TCZ-40 
membranes as expected. The main difference between the 
spectra was the intensity of the peak responsible for –CH=C 
bending (985–1004 cm−1).[57,59] The decreased peak intensity for 
TCZ-40 membrane compared to TCZ-0 can be attributed to the 
consumption of the allyl double bonds through the thiol-ene 
cross-linking upon UV curing.

The surface elemental compositions of these two membranes 
were further characterized using XPS (Figure 5). Characteristic 
peaks for O1s, N1s, C1s, and S2p are present in survey spectra 
for both membranes (Figure 5A), in good agreement with the 
selective layer elemental compositions. High-resolution spectra 
for the S2p region (Figure 5B) allowed deeper characterization 

of the binding structures around sulfur groups. The TCZ-0 
membrane showed only one S2p peak (168.2 eV), arising from 
the SO3

− groups on the SBMA repeat units.[60] The spectrum 
for the cross-linked TCZ-40 membrane exhibited two different 
S2p peaks, one at 163.5 eV and the other at 168.2 eV. The addi-
tional peak was associated with the thioether groups (R-S-R) 
formed upon the thiol-ene click reaction.[61,62] These results fur-
ther confirm the expected cross-linking reaction.

The morphology of coated membranes was investigated by 
SEM imaging (Figure  6). A thin selective layer on top of the 
support membrane is clearly visible in both TCZ-0 and TCZ-40 
membranes. This layer adheres to the support through partial 
penetration of the polymer into the fine pores of the support, 
forming a physical anchor, as well as through intermolecular 

Figure 5.  XPS spectra of TCZ-0 and TCZ-40 membranes. A) Survey scans, and B) high-resolution spectra for the S2p region.

Figure 6.  SEM cross-sectional images of A) uncoated PS-35 support membrane, B) un-cross-linked (TCZ-0) membrane, and C) cross-linked TCZ-40 
membrane after immersion in TFE for 24 h. Cross-linking prevented the selective layer from dissolving in TFE, a solvent that readily dissolves the  
un-cross-linked copolymer. 7000 X magnification.
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interactions. Upon cross-linking, there is also likely some 
chemical bonding between the support and the layer, as poly-
sulfone is known to generate free radicals that can react with 
allyl groups in the copolymer upon UV irradiation. This layer 
thickness could potentially be further decreased by improving 
the coating processes, resulting in higher membrane perme-
ances by up to 50 times, as demonstrated with other ZAC 
membrane chemistries.[52,63]

Membrane was immersed in TFE, a solvent that readily 
dissolves un-cross-linked P(AM-r-SBMA). The fact that the 
selective layer is visually unchanged shows that cross-linking 
improves the solvent stability of this layer. This opens the door 
to the potential future use of cross-linked ZAC membranes in 
additional applications, including solvent-resistant nanofiltra-
tion and organic solvent nanofiltration (OSN).[21,64]

2.2. Membrane Permeability and Selectivity

Membrane performance was characterized using dead-
end stirred cell filtration experiments (Table  1). The average 
permeance of the un-cross-linked TCZ-0 membrane was  
5.5 ± 0.9 L m−2.h−1.bar−1. As expected from recent studies,[19,41] 
cross-linking of the hydrophobic domains of P(AM-r-SBMA)
lead to a decrease in the effective pore size, as demonstrated 
by a decrease in water permeance along with an increase in 
the rejection of solutes. Increasing UV curing time from 10 to 
40 s leads to a permeance decrease of ≈80% compared to the 
un-cross-linked system (Figure 7), with the change plateauing 
at only ≈30–40 s exposure time. This trend implies close to 
complete cross-linking of available AM groups in less than a 
minute, an order of magnitude less than necessary using other 
cross-linking chemistries such as photo polymerization of these 
allyl groups.[19]

One of the most crucial parameters of membranes is their 
selectivity. As an initial screen to characterize how UV irradia-
tion time affected the selectivity of these membranes, we used 
two neutral small-molecule solutes, vitamin B12 (VB12; Stokes 
diameter 1.48 nm) and riboflavin (Stokes diameter ≈1 nm),[19] 
as probes. The rejections of vitamin B12 and riboflavin by 
the TCZ-0 membrane were 82% and 33%, respectively, con-
sistent with previous studies.[19] The rejections of both solutes 
increased with increasing exposure time, stabilizing once again 
after 30–40 s, consistent with the permeance results (Table 1).

Previous studies indicate that the selectivity of un-cross-
linked ZAC membranes is dominated by solute size.[23,24] As 
the synthesized zwitterionic copolymer is electrostatically 

neutral, membrane selectivity is not heavily affected by solute 
charge, with charged and neutral solutes of roughly similar 
geometry sharing a rejection curve along with low salt rejec-
tions. To characterize the size-based selectivity of TCZ-0 and 
TCZ-40 membranes, we measured the rejection of various 
negatively charged dyes used in previous studies (Table 2). We 
should note that the calculated diameters that were used here 
are not Stokes diameters, but an estimate of molecular size 
calculated from molecular volume, acquired using Molecular 
Modelling Pro software. This measure is an underestimate of 
the actual Stokes diameters as it does not account for hydration 
or molecular geometry effects, but it has proven to be reliable 
and predictive of rejection properties of solutes by ZAC-based 
membranes.[20,23,24]

Figure  8A shows the rejection of different anionic dyes 
by TCZ-0 and TCZ-40 membranes. The rejection of dif-
ferent anionic dyes with varying charges fit into a single 
rejection curve for both the membrane TCZ-0 and TCZ-40 
(Figure 8A), implying limited charge effects as discussed ear-
lier. The TCZ-40 membrane rejects all dyes to a higher extent 
than TCZ-0 does, further confirming the decrease in effec-
tive pore size. The final rejections of these dyes are all above 
85%, implying very small pores that may potentially exhibit 
salt rejection based on steric effects and also zwitterion-ion 
interactions.

Table 1.  Manufacturing conditions, permeances, and probe solute rejec-
tions for TCZ membranes with varying UV exposure times.

Name UV exposure  
time [s]

Permeance  
[L m–2.h–1.bar–1]

VB12  
rejection [%]

Riboflavin  
rejection [%]

TCZ-0 0 5.5 ± 0.9 82.1 ± 0.3 32.9 ± 0.2

TCZ-10 10 3.7 ± 0.3 94.5 ± 0.2 47.3 ± 0.1

TCZ-20 20 2.3 ± 0.3 96.3 ± 0.1 54.2 ± 0.2

TCZ-30 30 1.5 ± 0.4 99.5 ± 0.1 73.5 ± 0.1

TCZ-40 40 1.2 ± 0.2 99.7 ± 0.1 74.2 ± 0.1

Figure 7.  Effect of cross-linking time on membrane permeance decrease.

Table 2.  Name, size, charge, and absorbance wavelength of the anionic 
dyes used in the filtration experiments.

Solute Name Calculated diameter [nm] Charge λ [nm]

Brilliant blue R 1.11 −1 553

Direct red 80 1.08 −6 528

Chicago sky blue 6B 0.88 −4 593

Acid blue 45 0.84 −2 595

Ethyl orange 0.82 −1 474

Methyl orange 0.79 −1 463
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To demonstrate the ability of the TCZ-40 membrane to sepa-
rate dye mixtures, we filtered a solution containing a mixture 
of two dyes, Chicago Sky Blue 6B (0.88 nm) and methyl orange 

(0.79 nm), at the same concentration (0.05 mM). The obtained 
permeate contained no Chicago Sky Blue 6B, documented by 
the UV–visible spectrum lacking the characteristic peak of 
this dye at 597 nm (Figure 8B). Methyl orange still permeated 
through the membrane, demonstrating the fractionation of this 
mixture.

We tested the stability of these membranes in strong acids 
and bases, often used for chemical cleanings. The permeance 
and Vitamin B12 rejection of one of the thiol-ene cross-linked 
ZAC membranes, TCZ-20, did not change measurably after 
immersion in either 0.5 M NaOH or 0.5 M HCl for 24 hours 
(Supporting Information). This confirms the chemical stability 
of these selective layers.

As mentioned earlier, rejections of even the smallest probe 
dyes by TCZ-40 are quite high. This implies extremely small 
pores that may exhibition selectivity. As discussed in a recent 
study, membranes with highly cross-linked ZAC selective layers 
exhibit anion selectivity associated with steric effects as well as 
zwitterion-ion interactions.[19,41] Therefore, it is reasonable to 
expect selectivity between salt ions in the thiol-ene cross-linked 
membranes discussed here. To test this hypothesis, we meas-
ured the rejection of various salts, specifically NaCl, MgSO4, 
and Na2SO4, using 20 mM solutions at 2–4 bar transmembrane 
pressure (Figure  9). Un-cross-linked TCZ-0 membrane exhib-
ited very low salt rejection (<20% for all salts) and separation 
factors very close to 1 (Table S2, Supporting Information), 
consistent with previous un-cross-linked ZAC membranes.[19] 
UV curing led to increased rejection of all four salts, though 
the patterns in these changes depended on the nature of each 
salt. In as little as 10 s UV exposure, we observed significant 
increases to salt rejection due to cross-linking. Such rapid 
tuning of selectivity is unique to this system, enabled by the 
high reaction rates in thiol-ene chemistry as well as the unique 
separation mechanisms in ZAC-based membranes.

The most significant change for the shortest time periods 
was for Na2SO4, whose rejection at 2 bars increased from ≈4% 
to ≈70% upon only 10 s of exposure. Na2SO4 rejection did not 
increase as prominently with further cross-linking, with 78% 
rejection after 40 s. Interestingly, the rejection of Na2SO4 was 
consistently higher than that of MgSO4, though this difference 
was more pronounced for the shortest exposure times of 10 
and 20 s. MgSO4 rejection also increased more gradually, and 
comparatively stabilized after 30–40 s, similar to the trends for 
permeance and organic solute rejections. While we are still 

Figure 8.  A) The rejection of anionic dyes of varying sizes by TCZ-0  
(un-cross-linked) and TCZ-40 (cross-linked) membranes. Both mem-
branes showed a sharp size cut-off. Cross-linked membrane showed 
higher rejections than the un-cross-linked one, confirming that cross-
linking leads to smaller effective pore size. B) Fractionation of two dyes, 
Chicago sky blue 6B (0.88 nm) and methyl orange (0.79 nm), by TCZ-40, 
documented by the UV spectra of the feed, permeate, and each dye for 
reference. Only methyl orange permeates through the TCZ-40 membrane, 
while Chicago sky blue 6B was completely retained.

Figure 9.  Rejection performance of 20 mM NaCl A), Na2SO4 B) and MgSO4 C) salts at various applied pressure for un-cross-linked TCZ-0 and cross-
linked TCZ membranes.
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investigating the mechanisms of ion rejection and selectivity 
in ZAC systems, our previous work indicates that it involves 
a combination of effects. Size-based selectivity is a contributor 
to these trends, but the fact that cross-linked ZAC membranes 
can, under some circumstances, exhibit selectivity between ions 
of similar charge and size implies zwitterion-ion interactions 
also play a significant role. In other words, both the size of ions 
and their affinity to SBMA affect selectivity.[41] In this case, the 
difference in trends may arise from differences in cation parti-
tioning into the zwitterionic nanochannels, which also affects 
sulfate permeability due to electroneutrality. At higher degrees 
of cross-linking, magnesium rejection increases due to size 
exclusion. However, we still need extensive additional analysis 
and a better understanding of transport in these self-assembled 
systems to test this hypothesis.

The rejection of NaCl increased much less substantially with 
cross-linking time than the rejection of Na2SO4 and MgSO4, 
reaching a maximum of 29% after 40 s of cross-linking. As 
a result, the NaCl/Na2SO4 separation factor increased with 
increasing irradiation time (Table S2, Supporting Information). 
The largest jump was observed within 10 s, with the separation 
factor mostly plateauing by 40 s. As a result, these thiol-ene cross-
linked membranes have highly tunable mono-/divalent ion 
selectivity along with rapid and facile fabrication. For instance, 
membranes cross-linked for shorter times (e.g., TCZ-10)  
may remove divalent anions with limited cation separation, 
whereas highly cross-linked membranes (e.g., TCZ-40) can be 
used to selectively remove all divalent ions with comparatively 
low NaCl rejection.

2.3. Fouling Resistance

Fouling, associated with the adsorption and accumulation of 
feed components on the membrane surface, is one of the most 
significant barriers that prevent the broader use of membranes 
in many applications. Therefore, novel membranes should 
resist fouling by preventing the adsorption of organic fou-
lants on their surface. ZAC membranes have proven to exhibit 
unmatched fouling resistance due to the presence of highly 
hydrated zwitterionic groups covering their surfaces.[65]

We tested the resistance of these thiol-ene cross-linked ZAC 
membranes to fouling by various foulants. A commercial state-
of-the-art nanofiltration membrane (NP-30) was also used as a 
benchmark to compare the fouling data with our cross-linked 
membrane.

We performed a static fouling experiment, which involved 
immersing both a thiol-ene cross-linked ZAC membrane,  
TCZ-40, in a solution of the protein bovine serum albumin 
(BSA) in phosphate buffer saline (PBS). BSA is frequently used 
for testing the fouling propensity of membranes due to its ten-
dency to easily adsorb on surfaces. After 24 h in this solution, 
the membranes were removed and rinsed with DI water. Then, 
the proteins adsorbed on the membranes were stained using 
Gelcode Blue Safe Protein Stain. The darker blue color on the 
fouled NP30 membrane indicated significant protein adsorp-
tion, whereas little if any blue staining was observed on the 
TCZ-40 membrane (Figure S3, Supporting Information). This 
indicated that the cross-linked ZAC membrane TCZ-40 experi-

enced minimal if any protein fouling, outperforming the com-
mercial membrane in terms of fouling resistance, even in this 
simplified system.

While the static fouling experiment is promising, mem-
brane fouling during operation is much more complex. 
Fouling can occur with a broad range of chemical species 
depending on the feed, and concentration polarization and 
hydrodynamics during filtration further enhance fouling pro-
pensity. Therefore, the majority of our fouling analysis utilized 
dead-end stirred cell filtration experiments, often considered a 
worst-case scenario for fouling due to the progressive accu-
mulation of the foulant in the filtration cell. We also screened 
multiple foulants.

The first foulant selected was an oil-in-water emulsion. An 
enormous amount of oily wastewater is regularly produced 
by the oil and gas industry in the form of produced water, 
frac water, and refinery wastewater. Proper disposal of these 
wastewater streams remains a critical issue.[66] Therefore, we 
challenged two of our cross-linked membranes (TCZ-30 and 
TCZ-40) with 1.5 g/L oil-in-water emulsions with a 9:1 ratio of 
soybean oil to DC193 surfactant, selected to represent such oily 
wastewater streams.[67]

Figure  10 shows data from oil-in-water emulsion fouling 
experiments performed in dead-end stirred cell filtration mode 
for TCZ-30 (Figure  10A), TCZ-40 (Figure  10B) and the com-
mercial nanofiltration membrane NP-30 (Figure  10C). In each 
case, after filtering deionized water to determine the initial 
pure water permeance, the foulant solution was filtered for 
20 h. Then, the filtration cell and membrane were rinsed sev-
eral times with water, simulating physical cleaning by a for-
ward flush with clean water. Then, pure water permeance was 
measured again to determine the reversibility of any fouling. 
All three membranes exhibited high removal of oil droplets, 
as indicated by the appearance of the feed and the permeate. 
While the feed was translucent and greyish due to light scat-
tering by the droplets, the permeate was clear. Figure  10A 
(inset) demonstrates this for the TCZ-30 membrane. Permeates 
from the other three membranes were similar.

During the fouling experiments, both TCZ-30 and TCZ-40 
membranes showed no significant decline in flux even during 
foulant filtration. After the water rinse, the pure water flux 
remains identical to the initial value. This performance is excep-
tional, as most membranes show at least some flux decline 
during the filtration step. The data obtained from the commer-
cial NP-30 membrane (Figure  10C) is more representative of 
the state-of-the art. This membrane fouled significantly, losing 
almost ≈48% of its initial flux during foulant filtration. This 
loss was not reversible through a physical cleaning process.

We also performed fouling experiments with two feeds that 
included BSA. The fouling potential of BSA and other proteins 
heavily depends on the solution properties, including ionic 
strength and pH.[68] Therefore, we prepared 1 g L−1 solution in 
BSA in two different matrices. The first involved BSA dissolved 
in PBS (phosphate buffered saline), a quite common system for 
initial fouling screening in the literature. As an additional chal-
lenge, we prepared a 1 g/L solution of BSA in 10 mM CaCl2 
(pH: 6.4). Calcium ions have a tendency to form gels through 
complexation with multiple anions, leading to a high fouling 
propensity of the solution.[69,70]
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Figure 11 shows the dead-end filtration of 1 g L−1 of BSA pro-
tein in PBS by TCZ-30 (A) and TCZ-40 (B). The foulant solu-
tion was filtered through both the membranes for 18 h. No 
decline in the flux was observed during foulant filtration for 
either membrane. No irreversible flux loss was measured after 
a gentle water rinse. This phenomenon clearly shows the excep-
tional fouling resistance of these ZAC membranes.

In addition, we also studied the fouling of these membranes 
using a more challenging protein solution as described above,  
1 g L−1 of BSA in 10 mM CaCl2 solution for 20 h (Figure  12). 
The TCZ-40 membrane showed negligible flux decrease during 
foulant filtration over 20 h, which was completely recovered 
after a simple water rinse. In contrast, commercial NP-30 
showed almost 27% of its initial flux decline during foulant fil-
tration. This irreversible flux loss was not recovered after the 
water rinse.

These experiments demonstrate the exceptional degree 
of fouling resistance this new family of membranes exhibits, 
even with challenging feeds. Any minimal membrane flux loss 
during foulant filtration can be easily recovered by physical 

cleaning, i.e., rinsing with water. This degree of fouling resist-
ance, where membrane flux is mostly retained even during 
the dead-end filtration of highly fouling feeds, has only been 
matched by other ZAC-based membranes, greatly surpassing 
the state-of-the-art.

3. Conclusions

We have developed a new, ultra-fast cross-linking approach for 
tuning the selectivity of specially synthesized ZAC membranes 
that brought the reaction time from tens of minutes down to 
the order of seconds (10–40 s), utilizing thiol-ene click chem-
istry. This method enables the fast, scalable manufacture of 
highly cross-linked ZAC membranes by bringing the required 
UV exposure time to values accessible in roll-to-roll industrial 
scale manufacturing. To our knowledge, this is the first report 
demonstrating the use of thiol-ene click chemistry to alter the 
pore diameter of a self-assembled nanofiltration membrane. 
The ion selectivity of these membranes was tunable by var-
ying the UV exposure time between 10 and 40 s, with longer 

Figure 10.  Dead-end fouling data with oil-in-water emulsion solutions for A) TCZ-30, B) TCZ-40, and C) a commercial membrane NP-30. The plots 
show the change in the normalized flux, defined as the ratio of flux at the given time point (J) normalized by the initial pure water flux (J0). After sta-
bilization of the initial water flux (blue), normalized flux during the filtration of the foulant solution is monitored (red). Then, the membrane is rinsed 
with water several times, and normalized water flux is measured again (blue). TCZ-30 and TCZ-40 membranes show no flux loss during and after expo-
sure to foulant solutions, whereas the commercial membrane shows significant (≈48%) irreversible flux loss. The foulant solution was composed of  
1500 mg L−1 oil-in-water emulsion (9:1 oil:DC193 surfactant). Image (inset left) shows the feed (left) that is grey in colour and permeate (right) that 
appears clear, indicating retention of oil droplets components. J0 = 2.75 L m−2 hr−1 for all three membranes.

Figure 11.  Fouling of A) TCZ-30 and B) TCZ-40 membranes by 1 g L−1 BSA 
in PBS, demonstrated by the change in normalized water flux during fou-
lant filtration (red) and after rinsing with water (blue). Both TCZ-30 and 
TCZ-40 membranes exhibit negligible flux loss during and after exposure 
to foulant solutions. J0 = 2.75 L m−2 hr−1

Figure 12.  Fouling of A) TCZ-40 and B) NP-30 membranes by 1 g L−1 BSA in  
10 mM CaCl2 solution. TCZ-40 membrane exhibited negligible flux loss during 
and after exposure to foulant solutions, whereas the commercial membrane 
showed significant (≈27%) irreversible flux loss. J0 = 2.75 L m−2 hr−1
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exposures leading to increased ion and small molecule rejec-
tion. The longest exposure times led to high Mg2+ and SO4

2− 
removal with modest NaCl rejection, whereas intermediate 
reaction times had high Na2SO4 rejection with lower NaCl 
and MgSO4 rejections. However, the change was most drastic 
between 0 and 10 s, indicating a large extent of reaction even 
at this short time scale. Cross-linked membranes also exhibited 
excellent fouling resistance, the degree of which was matched 
only by previously developed ZAC-based membranes. No irre-
versible flux loss was observed during protein (BSA) or oil/
water emulsion filtration, and flux was either completely or 
almost completely retained even during the dead-end filtration 
of each foulant solution. The combination of tunable selectivity, 
excellent fouling resistance, ultra-fast processing, and scal-
ability of these membranes make them promising for a wide 
range of applications in different industries, including biomol-
ecule separations, textile wastewater treatment, water softening, 
and sulfate removal.

4. Experimental Section
Materials: Sulfobetaine methacrylate (SBMA, 95%), 2,2-Dimethoxy-

2-phenylacetophenone (DMPA, 99%), 1,6-Hexanedithiol (≥97%) 
α-ethyl bromoisobutyrate (EBIB, 98%), CuBr2 (99%), N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine (PMDETA, 99%), Sodium sulphate, 
Brilliant blue R, Direct red 80, Chicago sky blue 6B, Acid blue 45, Methyl 
orange, Ethyl orange and activated aluminum oxide (basic, Brockmann I, 
standard grade) were purchased from Sigma-Aldrich. Allyl methacrylate 
(AM, ≥98.0%), methanol (>99.8%), acetonitrile (≥99.5%), isopropyl 
alcohol (IPA, 99.5%), trifluoroethanol (TFE, ≥99.0%) sodium chloride 
(ACS certified), ethanol and riboflavin (98%), were purchased from Fisher 
Scientific. Vitamin B12 was purchased from MP Biomedicals. Hexane 
(>98.5% n-hexane and mixed C6-isomers) was obtained from VWR.  
d6- DMSO (99.5%) was purchased from Cambridge Isotope Laboratories 
Inc. Ascorbic acid was purchased from G-Biosciences. Commercial 
nanofiltration membrane NP-30 (permeance: 1.75 L/m2.h.bar)  
was obtained from Sterlitech. PS-35, the ultrafiltration support 
membrane, was obtained from Solecta membranes.

Synthesis of P(AM-r-SBMA) Copolymer: AM (60 g), SBMA (40 g),  
and EBIB (1.55 mmol) were first mixed with 750 mL of 1:1 
acetonitrile:methanol in a 2000 mL three neck round bottom flask. 
The mixture was purged with nitrogen to remove oxygen. Separately, 
a solution of 1:1 acetonitrile:methanol (50 mL) containing CuBr2 
(0.0614 mmol), ascorbic acid (0.619 mmol) and PMDETA (0.619 mmol) 
was prepared and purged with nitrogen. The reaction was initiated 
when this solution was transferred to the previously stirred solution of 
monomer and EBIB using a cannula. After this addition of the catalyst 
solution to the monomer mixture, the reaction mixture turned light blue. 
The reaction was carried out for 20 h at room temperature, after which 
the reaction was terminated by exposure to air. A rotary evaporator 
was then used to concentrate the polymer solution. The polymer was 
then precipitated in a 5:3 v/v mixture of hexane:ethanol. The obtained 
polymer was re-dissolved in 1:1 acetonitrile:methanol and re-precipitated 
in the hexane:ethanol mixture for three successive times. The polymer 
was then washed with hexane and dried at ambient temperature under 
vacuum for three days. The obtained copolymer was characterized by 1H 
NMR and IR spectroscopy (Figure S1 and S2 in supporting information).

Fabrication of Un-Cross-Linked Thin Film Composite Membranes: The 
P(AM-r-SBMA) copolymer was first dissolved in TFE (5 wt%) at room 
temperature and passed successively through 1.2 µm Titan3 glass 
microfiber and 0.45 µm PTFE syringe filters (ThermoScientific). The 
obtained polymer solution was degassed overnight in a sealed vial prior 
to the coating of the selective layer. A commercial ultrafiltration support 
membrane (PS-35 from Solecta) was taped on top of a glass plate. 

The polymer solution was coated onto the support membrane using 
a wire-wound metering rod (Gardco, #8, wet film thickness 20 µm). 
Immediately after coating, the glass plate was placed in a pre-heated 
oven (65 °C) for 12 min. The dried TFC membrane (TCZ-0) was then 
immediately immersed in DI water overnight.

Fabrication of Cross-linked Thin Film Composite Membranes: Cross-
linking of the membrane (TCZ-0) was performed through UV-assisted 
thiol-ene click chemistry. TCZ-0 membrane coated with P(AM-r-SBMA) 
copolymer was first soaked in a solution of IPA (20 mL) containing 1 wt% 
each of 1,6-hexanedithiol and DMPA for 10 min. The soaking was done 
to saturate the hydrophobic domain with photoinitiator and thiol. Then, 
most of the solution (≈90%) was taken out from the glass container and 
the membrane with a remaining solution was subjected to immediate 
UV curing (365 nm, 9 W bulb−1, and four bulbs) for different times scales 
ranging 10–40 s. After UV curing, the membrane was removed from the 
glass container and cleaned extensively with IPA and DI water. Finally, 
cleaned membranes were stored in DI water prior to any experiments.

Membrane Characterization: Membrane was characterized using 
attenuated total reflectance Fourier transform infrared (ATR-FTIR) 
spectroscopy, scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). The 
details of these characterization techniques are provided in SI.

Membrane Testing: Membrane filtration experiments were conducted 
on 4.1 cm2 membrane disks using a 10 mL Amicon 8010 stirred, dead-end 
filtration cell (Millipore), attached to a 1 gal reservoir. The weight of the 
permeate was monitored through an electronic scale (Ohaus Scout Pro) 
connected to a computer. Membrane permeance (Lp) was determined 
by Lp = J/ΔP, where J is the volumetric flux of permeate and ΔP is the 
applied trans-membrane pressure. For rejection measurements (both 
salts and dye), 10 mL of feed solution was loaded, filtered and discarded 
≈2 mL of permeate, and then collected an additional permeate fraction 
for analysis. This was found to result in reliable and steady rejection 
values. Rejection (R) was determined by R = (1 − CP/CF)100%, where CF 
and CP are the feed and permeate concentrations, respectively. For the 
fouling studies, we first determined initial flux, fouled the membranes 
for 18–20 h, and finally rinsed the membrane gently with water before 
measuring the final flux.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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