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ABSTRACT: Charged functional groups are often incorporated
onto the surface of nanofiltration (NF) membranes to facilitate the
selective rejection of multivalent ions over monovalent ions.
However, since fouling-resistant surfaces tend to be electrically
neutral, the incorporation of charged functionality exacerbates
membrane fouling. Multifunctional Janus membrane architectures,
which incorporate chemically distinct domains over their cross
section, provide a strategy for balancing the competing demands
associated with making fouling-resistant, ion rejecting NF
membranes. Here, through the controlled exposure of poly-
(trifluoroethyl methacrylate-co-oligo-(ethylene glycol) methyl
ether methacrylate-co-(3-azido-2-hydroxypropyl methacrylate))
copolymer substrates to a series of reactive solutions containing
alkyne-terminated molecules, the process for creating dual-functional membranes by using the copper(I)-catalyzed azide−alkyne
cycloaddition (CuAAC) reaction was analyzed. Under the appropriate conditions, the CuAAC reaction propagates into the
copolymer substrate as a front. This phenomenon results in a process for creating layered domains of distinct functionality whereby
the distribution of antifouling zwitterionic moieties and ion rejecting sulfonate moieties can be modified by manipulating the
exposure time. The ion rejection and fouling propensity for a family of dual-functional membranes was examined. For short initial
reaction times, which introduced a thin antifouling layer on top of an ion rejection layer, the rejection of 1 mM K2SO4, 87%, was
comparable to the value for full charge control membranes, 90%. Moreover, when exposed to a fouling solution containing bovine
serum albumin (BSA), these dual-functional membranes exhibited an 18% decline in normalized flux and recovered 99% of their flux
upon rinsing with water. In comparison, the full charge membranes exhibited a 44% decline in normalized flux and recovered 65% of
their flux upon washing. As such, the results demonstrate that the controlled functionalization process reported here is capable of
balancing antifouling and ion rejection capabilities. Furthermore, the versatile nature of the click chemistry mechanism at the center
of this process offers a means by which to design and fabricate multifunctional membranes for numerous future applications.
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1. INTRODUCTION

Designing effective membrane processes often requires
considering how to balance competing material properties to
enhance system scale performance.1 A familiar example of this
consideration in membrane separations is the permeability−
selectivity trade-off2 where improvements in throughput are
often contrasted by a reduced ability to resolve two differing
solutes, or vice versa.3,4 Despite structural advances that are
pushing the limits of the upper bound established by the
permeability−selectivity trade-off,5 there remains a need for
more selective separation processes. This demand is driving an
interest in membrane architectures with controlled chemical
functionality.6 In these instances, too, the design of the
introduced chemical functionality and the competing material
characteristics it can engender must be considered. For
example, while the chosen chemistry can lead to the emergence
of new, potentially beneficial transport properties,7 it may also

exacerbate detrimental processes, such as fouling. As such,
there is a need to develop methods for introducing chemical
functionality in a manner that maximizes its effectiveness while
mitigating its adverse effects.
Nanofiltration (NF) membranes provide a useful example of

the need to balance competing material characteristics. NF
membranes can selectively reject multivalent co-ions (i.e.,
those with the same charge as the membrane),8 providing a
complementary desalination process to reverse osmosis (e.g.,
in water softening applications).9 This ion rejecting capability
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is often realized through the incorporation of charged
functional groups. While the electrostatic repulsion between
the charged membrane and co-ions offers the ability to mediate
ion rejection, the electrostatic attraction between the
membrane and counterion solutes can increase the fouling
propensity of the membrane. During fouling, attractive
electrostatic, dispersive, and hydrodynamic forces cause solutes
such as proteins and humic acids to adsorb to the membrane
surface, resulting in pore blockage, pore constriction, and cake
layer formation.10 This accumulation of material lowers the
permeability of the membrane and the chemical cleaning
needed to restore performance greatly reduces membrane life
span. Because of its prevalence, fouling has been examined in
detail, and a series of design rules for surfaces that can help
reduce fouling propensity have been established. Namely,
antifouling surface chemistries (e.g., poly(ethylene glycol)
brushes,11 zwitterionic moieties,12 and many others13) tend to
exhibit hydrophilic and overall neutral charge characteristics.14

The need to utilize an overall neutral charge to resist fouling
directly contrasts the need for charged moieties to increase ion
rejection through a Donnan exclusion mechanism.
Inspired by Janus membranes, the development of dual-

functional NF membranes that consist of an antifouling layer
situated above a charge-functionalized, ion rejecting layer may
provide one approach to balancing these competing materials
properties. Janus membranes, which are characterized by
opposing surfaces that possess distinct, asymmetric proper-
ties,15 are an intriguing example of multifunctional membranes
that possess unique chemistries distributed over their structure.
The manner in which the chemistries on the antipodal surfaces
of the Janus membranes interact can be designed to influence
their transport properties.16 For example, these membranes
have been utilized to facilitate the unidirectional transport of
water,17 separate oil from water,18−20 purify water using
nanofiltration,21,22 membrane distillation,23,24 and forward
osmosis25 as well as act as membrane separators in
batteries.26−28 Several processes have been proposed for the
fabrication of Janus membranes,15,16 including cocasting29 and
sequential spray methods.30 Dopamine-based casting techni-
ques31 have proven to be useful in both the flat sheet and
hollow fiber geometries.32 Unfortunately, the inclusion of the
dopamine layers often affects the pore size of membranes in
the NF and ultrafiltration (UF) range and alters their transport
properties.33 On the lab scale, advanced vapor deposition
techniques34,35 as well as a gas backflow assisted apparatus36

have been shown to maintain pore size. With regard to all of
these techniques, control over the thickness and distribution of
the functionalities that span the membrane cross-section is a
critical design consideration to maximize performance in target
applications.16 One example where this need to control
functionality is readily evident is the use of Janus membranes
as water diodes. In this application, it is believed that the novel
behavior that emerges is a result of phenomena that occur at
the interface between the hydrophobic and hydrophilic
sections of the membrane. Additionally, experiments have
demonstrated that reducing the thickness of the hydrophobic
section reduced the transmembrane pressure needed to drive
transport, while changes to the thickness of the hydrophilic
section did not alter the required pressure.15 As such,
additional research is needed to develop fabrication methods
that realize the robust formation of multifunctional Janus
membranes with controlled nanostructures.

The copper(I)-catalyzed, azide−alkyne cycloaddition
(CuAAC) “click” reaction offers a promising technique for
addressing the challenges associated with the fabrication of
Janus membranes. Since their initial development,37 numerous
applications have been designed around the use of these rapid
and precise click reaction mechanisms.38 In regards to the
functionalization of membranes, the fast rate of the reactions
allows for the targeted introduction of chemical functionality.
For example, the CuAAC reaction has been utilized to control
the functionalization of azide-lined, track-etched pores via the
electrochemical generation and diffusion of catalytically active
Cu(I) ions.39 In another example, the formulation and
deposition of a reactive solution containing alkyne-terminated
molecules on the membrane surface has been demonstrated to
be a ready method for controlling the functionalization of
membranes with exposed azide moieties lining the pore wall.
Namely, in the appropriate limit the diffusion of reactive
alkynes to exposed azide groups determines the rate of the
CuAAC process which empowers controlled conversion
through specific exposure times.40

In this study, membranes derived from a poly(trifluoroethyl
methacrylate-co-oligo-(ethylene glycol) methyl ether metha-
crylate-co -(3-azide-2-hydroxypropyl methacrylate))
[P(TFEMA-OEGMA-AHPMA)] copolymer act as a platform
for the generation of multifunctional Janus membranes.
Specifically, the azide groups of the AHPMA repeat units
provide a handle for the postfabrication functionalization of the
mesoporous membranes utilizing the CuAAC reaction
mechanism. To investigate the potential the CuAAC process
can offer, a multifunctional nanofiltration (NF) membrane
with opposing foulant resistant and ion rejecting layers will be
examined. The process for creating the dual-functional
membranes by first introducing a top layer of antifouling
functionality at varied depths into a membrane thickness
followed by an additional CuAAC reaction to incorporate
charge selective functional groups beneath the antifouling
moieties will be investigated. The distribution of the two
distinct functional groups over the membrane thickness will be
probed by using Fourier transform infrared (FTIR) and
scanning electron microscopy−energy dispersive X-ray (SEM−
EDX) spectroscopy. Moreover, the impact of this distribution
on the hydraulic permeability, pore size, ion rejection
performance, and bovine serum albumin (BSA) fouling
propensity of the dual-functional membranes will be examined
and compared with that of control membranes possessing full
charge and full zwitterionic functionality. It is hypothesized
that by developing a process that balances the distribution of
the two functional groups appropriately, dual-functional
membranes with performance simultaneously equivalent to
the ion rejecting capabilities of the full charge and fouling
resistance of the full zwitterionic control samples can be
realized. As such, this process offers the potential for a rapid
and viable method for the creation of multifunctional NF
membranes.

2. MATERIALS AND METHODS
2.1. Materials. All chemicals were purchased from Sigma-Aldrich

unless noted otherwise. Trifluoroethyl methacrylate, oligo(ethylene
glycol) methyl ether methacrylate (Mn = 500 g mol−1), and glycidyl
methacrylate were purified by passing them through a basic alumina
(VWR, West Chester, PA) column prior to use. Deionized water (DI
water), used in the preparation of all aqueous solutions for
permeability, fouling, and solute rejection tests and for rinsing the
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stirred cell at the conclusion of an experiment, was obtained from a
Millipore water purification system (Milli-Q Advantage A10, Milli-Q,
Billerica, MA). A commercial poly(vinylidene fluoride) (PVDF)
ultrafiltration membrane (Nanostone Water, Inc., PV400 ultra-
filtration membrane) was used as a support in the membrane casting
process.
2.2. Polymer Synthesis and Characterization. A poly-

(trifluoroethyl methacrylate-co-oligo(ethylene glycol) methyl ether
methacrylate-co-glycidyl methacrylate) [P(TFEMA-OEGMA-GMA)]
copolymer was synthesized by using a free radical polymerization
mechanism (see the Supporting Information for details). An epoxide
ring-opening reaction with sodium azide resulted in the formation of
the poly(trifluoroethyl methacrylate-co-oligo(ethylene glycol) methyl
ether methacrylate-co-(3-azido-2-hydroxypropyl methacrylate)) [P-
(TFEMA-OEGMA-AHPMA)] copolymer. The chemical structure
and composition of the copolymer were confirmed by using 1H
nuclear magnetic resonance (1H NMR) spectroscopy (Bruker Avance
III HD400) (Figure S1). Deuterated dimethyl sulfoxide was used as
the solvent.
2.3. Membrane Fabrication and Functionalization. Parent

membranes were fabricated from the P(TFEMA-OEGMA-AHPMA)
copolymer using a nonsolvent-induced phase separation (NIPS)
method (see the Supporting Information for details). The P(TFEMA-
OEGMA-AHPMA) membranes were stored in DI water until further
use.
Copper(I)-catalyzed azide−alkyne cycloaddition (CuAAC) “click”

reactions were utilized to synthesize the dual-functional membrane
structure. The formation of the zwitterionic, antifouling layer was
initiated by reacting the parent membrane with 3-(dimethylamino)-1-
propyne. A reactive solution containing 250 mM 3-(dimethylamino)-
1-propyne, 80 mM copper(II) sulfate pentahydrate, and 240 mM
ascorbic acid was exposed to an unreacted P(TFEMA-OEGMA-
AHPMA) membrane for 0, 5, 10, 20, 30, or 60 s by placing the parent
membrane at the bottom of an Amicon stirred cell and filling the
reservoir on top with the reactive solution. After the allotted time, the
solution was removed and the reservoir was rinsed with DI water and
then filled with a 10 mM ethylenediaminetetraacetic acid (EDTA)
solution. The EDTA solution was passed through the membrane at an
applied pressure of 4.14 bar (60 psi), and 2 mL of solution was
collected to remove any bound copper from the porous structure of
the membrane. The EDTA solution was then removed and replaced
with DI water; 2 mL of DI water was passed through the membrane.
The membranes were removed from the stirred cell and then
submerged in a 60 mM 1,3-propane sultone solution for 2 h at room
temperature. The quaternization reaction between the terminal
dimethylamine and sultone creates the zwitterionic functionality.
The membranes were then rinsed and stored in DI water.
The zwitterion-functionalized P(TFEMA-OEGMA-AHPMA)

membranes were used for the subsequent formation of the charge-
functionalized layer. The zwitterion-functionalized membranes were
exposed to a reactive solution containing 250 mM propargylamine, 80
mM copper(II) sulfate pentahydrate, and 240 mM ascorbic acid for 5
min to ensure conversion of the remaining azide moieties within the
membranes. This reaction was performed by using the Amicon stirred
cell in a similar manner to the process detailed for the previous
reaction. After rinsing with an EDTA solution and DI water, the
membranes were submerged in a 60 mM 4-sulfophenyl isothiocyanate
solution for 4 h at 60 °C. These now dual-functional membranes were
then rinsed a final time and stored in DI water.
2.4. FTIR Characterization. A Jasco 6300 Fourier transform

infrared (FTIR) spectrometer was used for analysis. Each membrane
sample was scanned 25 times per measurement over a range of
wavenumbers from 650 to 4000 cm−1. Conversion of the azide
moieties was monitored by using the decrease in intensity of the peak
at 2100 cm−1 along with the formation of peaks associated with the
coupled functionality. All spectra were normalized by using the
carbonyl peak at 1725 cm−1, which is present within the backbone of
the parent copolymer and remains unaffected throughout the CuAAC
reaction process.

2.5. SEM−EDX Elemental Mapping. A Magellen 400 scanning
electron microscope (SEM) combined with a Bruker Energy
dispersive X-ray spectrometer (EDX) was used for analyzing the
progression of the reactive 3-(dimethylamino)-1-propyne front into
the membrane. Dual-functional membranes were generated by
reacting parent membranes with a 3-(dimethylamino)-1-propyne
reactive solution for 10, 20, 30, and 40 s, rinsing the membrane with
excess 10 mM EDTA solution and DI water, and then reacting the
dimethylamine-functionalized membranes with a propargyl chloride
solution. Elemental analysis of chlorine was used to monitor the
ability to manipulate the penetration depth of the reactive front of 3-
(dimethylamino)-1-propyne. Cross-sectional samples for SEM−EDX
analysis were prepared by using liquid nitrogen. The membrane was
submerged in liquid nitrogen for 15 s and then fractured with
tweezers to obtain a smooth cross section. SEM−EDX micrographs
and elemental maps were obtained by using a current of 0.8 nA and an
accelerating voltage of 15 kV.

2.6. Transport Tests and Fouling Experiments. One-inch-
diameter sections of the membranes were punched out by using a
circular hole punch and placed in a 10 mL Amicon 8010 stirred cell
(Millipore) with the copolymer selective layer facing up. The cell was
filled with 10 mL of DI water and pressurized with nitrogen gas to
measure the water flux. The water that permeated through the
membrane was collected in a 20 mL scintillation vial that rested on a
balance. The steady-state water flux at each applied pressure was
calculated by measuring the mass of the permeate solution as a
function of time. The variation of the water flux over a range of
applied pressures from 1.38 to 4.14 bar (20 to 60 psi) was used to
calculate the hydraulic permeability.

For neutral solute rejection tests, the membranes were subjected to
feed solutions containing 1 g L−1 poly(ethylene oxide) (PEO) with
molar masses of 1.1, 2.1, 4.0, 6.0, and 9.8 kg mol−1 (Polymer Source
Inc., Montreal, QC). The dispersity, Đ, of the PEO samples was
<1.10. The cell was stirred at 300 rpm to mitigate the effects of
concentration polarization. The volume of solution within the stirred
cell was maintained at 10 mL throughout the experiments through the
continuous addition of solution from an attached reservoir. The
stirred cell was rinsed thoroughly with DI water between each
experiment. Samples of the feed and permeate solutions were stored
at 6 °C until the concentrations of PEO in solution were measured by
using a Shimadzu TOC-TN organic carbon analyzer. The rejection
values reported from these experiments were calculated as follows:

i
k
jjjjj
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C

C
(%) 1 100p

f
= − ×

(1)

where Cp represents the concentration of solute in the permeate
solution and Cf represents the concentration of solute in the feed
solution. Error bars for this data indicate one standard deviation from
multiple experiments (n = 2) on a single membrane.

Ion rejection experiments were executed and analyzed in a similar
manner. Feed solutions containing either potassium chloride, KCl, or
potassium sulfate, K2SO4, dissolved in DI water at a concentration of
1 or 10 mM were utilized. The pH of these solutions were unadjusted.
The concentration of salt in the feed and permeate solutions were
determined by using inductively coupled plasma optical emission
spectroscopy (ICP-OES) (PerkinElmer Optima 8000) to quantify the
elemental concentration of K+. The rejection values were reported by
using eq 1. Error bars for this data indicate one standard deviation
from multiple experiments (n = 2) on two membranes of each type.

Membrane fouling was analyzed by subjecting the functionalized
membranes to a bovine serum albumin (BSA) solution and
quantifying the flux decline as a function of time. Three salt
concentrations, 1, 10, and 100 mM sodium chloride, NaCl, and two
solution pH values, 3 and 4.7, were used with a 0.5 g L−1 BSA
solution. The solution pH was adjusted by using 1 M hydrochloric
acid, HCl. Prior to each fouling test, a pH adjusted, aqueous solution
containing only the background salt was filtered through the
membrane until the flux remained stable at a value of 5 L m−2 h−1

for 5 h. Based on small variations in the membrane permeability, an
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applied pressure between 1.24 and 2.06 bar (18 and 30 psi) was used
to achieve this initial flux. Subsequently, a 0.5 g L−1 of BSA was then
dissolved into solution and passed though the membrane for a period
of 40 h, at the same applied pressure. Over the 40 h period, depending
upon the extent of flux decline observed, 75−125 mL of the fouling
solution would permeate through the membrane. Because of the
complete rejection of BSA by the copolymer membranes, the final
concentration in the stirred cell would increase ∼10× to 5.0 g L−1.
The fouling propensity was quantified by using a normalized flux,
calculated as follows:

i

k
jjjjjj

y

{
zzzzzz

J

J
normalized flux (%) 100i

0

= ×
(2)

where J0 is the steady-state flux prior to introducing the BSA foulant, 5
L m−2 h−1, and Ji is the flux recorded at every hour (i = 1−40) of the
fouling experiment. Flux decline is reported as the final normalized
flux after 40 h.
Afterward, the membranes were rinsed with fresh DI water, in

which the stirred cell was filled and emptied with 10 mL of DI water a
total of five times. The stirred cell was filled with 10 mL of DI water
and allowed to stir for 1 h without an applied pressure, before being
emptied and rinsed again with DI water. The hydraulic permeability
of DI water was then quantified to determine the extent of irreversible
fouling. Flux recovery is reported as the normalized flux at the end of
the rinsing procedure. The fouling results for one of each membrane
are discussed below.

3. RESULTS AND DISCUSSION
3.1. Fabrication of Multifunctional Membranes. P-

(TFEMA-OEGMA-AHPMA) membranes were cast by using a
nonsolvent-induced phase separation (NIPS) method.41 Upon
casting, the microphase separation of the hydrophobic TFEMA
backbone from the hydrophilic OEGMA side chains results in
a porous membrane structure with azide moieties from the
AHPMA repeat units lining the pore walls. Postfabrication,
these moieties are functionalized by using the copper(I)-
catalyzed azide−alkyne cycloaddition (CuAAC) reaction
mechanism. The concentration of the alkyne−copper complex
in the reactive solution controls the rate of this reaction.40

Notably, at excess alkyne−copper complex concentrations
relative to the azide moieties within the membrane, the
reaction rate becomes much faster than the rate of diffusion.
These conditions result in a reactive front of alkyne-terminated
molecules diffusing into the membrane and rapidly consuming
the exposed azide moieties they encounter. Multifunctional
membranes can be generated by controlling the penetration
depth of this propagating reaction front. Here, for example, the
process for creating a dual-functional membrane by manipulat-
ing the exposure time to a series of reactive solutions is shown
schematically in Figure 1.
An initial reaction with a solution containing 3-(dimethy-

lamino)-1-propyne for varying lengths of time results in varied
penetration depths, shown as L′, with small depths resulting
from short exposure times and complete conversion across the
membrane cross section occurring at longer times. A
quaternization reaction between the terminal dimethylamine
and 1,3-propane sultone forms zwitterionic moieties that
generate the antifouling functionality within the top layer of
the dual-functional membrane. Subsequently, as shown in
Figure 1C, the charge-functionalized layer was formed by
exposing the membrane to a propargylamine solution for 5 min
to consume the azide moieties remaining on the trailing side of
the membrane, L″. While this reaction can result in a net
positive charge due to the presence of the protonated amine,42

negative charge functionality was generated by reacting the
amine with 4-sulfophenyl isothiocyanate. Compared with the
pH-responsive primary amine group, the sulfonate group
induces negative charge that is not a strong function of pH
over typical operating ranges.42

3.2. Monitoring Penetration Depth and Conversion
of the Functionalization Reactions. The penetration depth
of the 3-(dimethylamino)-1-propyne reaction front, L′, was
monitored using a combination of ATR-FTIR and EDX
spectroscopy. Upon exposing the parent membrane to a 3-
(dimethylamino)-1-propyne solution, the pore lining azide
moieties react to form a 1,2,3-triazole. As shown in Figure 2A,
this reaction causes the intensity of the peak at 2100 cm−1 in
the FTIR spectra, which is associated with the azide group, to
decrease. For short reaction times, 10 s, the azide peak is not
completely removed from the FTIR spectrum, indicating that
not all the azide moieties within the detectable depth of the
FTIR spectrophotometer have reacted. Longer reaction times,
>20 s, see full removal of the azide peak along with the more
prominent appearance of a peak corresponding to a terminal
amine bond at 1630 cm−1.
SEM−EDX elemental maps permit the progression of the 3-

(dimethylamino)-1-propyne reactive front to be visualized. For
the samples reported in Figure 2B, after the initial reaction
with 3-(dimethylamino)-1-propyne, the membranes were
exposed to a reactive solution containing propargyl chloride
to consume the underlying azide moieties and covalently
attach a chlorine atom to the pore wall. Because there is no
chlorine in the parent membrane, the chlorine atom provides a
distinct signal in the EDX elemental maps to enable
visualization. As the exposure time of the 3-(dimethylami-
no)-1-propyne reaction increased from 10 to 20 to 30 s, it
becomes clear that the chlorine intensity on the leading side of
the membrane decreases. For the 30 and 40 s samples, the
chlorine intensity at the leading edge is consistent with the
intensity of an unreacted sample (Figure S2). This observation
can be attributed to the azide moieties already having reacted
with 3-(dimethylamino)-1-propyne, thereby preventing the

Figure 1. Schematic of the dual-functionalization process. (A) The
pore walls of the unreacted membrane are lined by exposed azide
moieties. (B) The membrane is placed at the bottom of a stirred cell,
and the upper reservoir is filled with a 3-(dimethylamino)-1-propyne
reactive solution. Diffusion of the reactive solution over a controlled
exposure time results in the conversion of the azide moieties within a
depth, L′, to dimethylamino moieties that are then functionalized to
antifouling zwitterions. (C) Upon rinsing, a second, propargylamine
reactive solution is placed within the cell to functionalize the
underlying azide moieties within the region, L″, which are further
functionalized to negatively charged sulfonate groups. (D) The
molecular structures of the initial 3-(dimethylamino)-1-propyne and
propargylamine reacted moieties and the subsequent zwitterionic and
negatively charged functional groups are depicted.
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subsequent reaction with propargyl chloride. Notably, the time
when the azide peak in the FTIR spectra is fully removed, i.e.,
20 s, corresponds well with the sample where the reactive front
moved beyond the depth from which the FTIR signal is
detected. These observations are consistent with two separate
domains of functionality being developed over the membrane
cross section. Complete SEM−EDX cross sections (Figure S2)
and line spectrum analysis (Figure S3) for all membranes are
included in the Supporting Information.
After demonstrating that the penetration depth of the 3-

(dimethylamino)-1-propyne reaction can be controlled, we
examined the reaction for introducing antifouling zwitterionic
functionality using FTIR spectroscopy (Figure 2C). Upon
exposure of a dimethylamino-functionalized membrane to a
1,3-propane sultone solution, the 1630 cm−1 peak that is
present in spectrum I of Figure 2C disappears and the
sulfonate peak at 1030 cm−1 appears in spectrum II, suggesting
that the desired zwitterion is formed.
A similar process was used to demonstrate the introduction

of the charge-functionalized moieties. Beginning with an
unreacted P(TFEMA-OEGMA-AHPMA) membrane, a
CuAAC reaction with propargylamine results in the disappear-
ance of the peak associated with azide groups and the
formation of a primary amine peak at 1580 cm−1 as shown in
spectrum III of Figure 2C. Finally, the negatively charged
functionality was formed by reacting this membrane with 4-
sulfophenyl isothiocyanate. The double peak at 1030 cm−1 in
spectrum IV is associated with thiourea and sulfonic acid

groups that are consistent with the conversion of the terminal
amine to the negatively charged sulfonic acid moiety.
Full charge (FC) functionalized, full zwitterionic (FZ)

functionalized, and four dual-functional (DF) membranes were
made and analyzed in this work. The FC membrane was
formed using a 3-(dimethylamino)-1-propyne reaction time of
0 s. The FZ membrane was formed by using a 3-
(dimethylamino)-1-propyne reaction time of 60 s. The four
DF membranes consisted of initial 3-(dimethylamino)-1-
propyne reaction times of 5, 10, 20, and 30 s. These
membranes are herein termed 5 DF, 10 DF, 20 DF, and 30
DF, respectively.

3.3. Quantifying Membrane Transport Properties.
The hydraulic permeability of the unreacted parent and
functionalized membranes was determined by using dead-end
stirred cell experiments. The water flux of each membrane was
quantified over applied pressures ranging between 1.38 and
4.14 bar (20 and 60 psi); the hydraulic permeability is equal to
the slope of this data (Figure 3A). The parent P(TFEMA-
OEGMA-AHPMA) membranes had a permeability of 1.4 ±
0.3 L m−2 h−1 bar−1. Upon functionalization, the hydraulic
permeabilities for the FZ, FC, and DF membranes rose to an
average value of 3.1 ± 0.2 L m−2 h−1 bar−1. Regression lines
obtained by fitting water flux measurements are shown in
Figure S4.
Neutral solute rejection experiments were performed to

examine whether this increase in hydraulic permeability was a
result of the functionalization processes disrupting the pore

Figure 2. Monitoring the extent of functionalization via FTIR and SEM−EDX. (A) The parent P(TFEMA-OEGMA-AHPMA) copolymer exhibits
a characteristic azide peak at 2100 cm−1, labeled a. Exposure to a 3-(dimethylamino)-1-propyne solution results in a decrease in the intensity of this
peak. The tertiary amine formed by this reaction generates a peak at 1640 cm−1, labeled b. (B) The progression of the reactive front associated with
the 3-(dimethylamino)-1-propyne functionalization process was analyzed by using SEM−EDX to produce elemental maps of chlorine. Membranes
were reacted with a 3-(dimethylamino)-1-propyne solution for times that varied from 10 to 40 s, followed by a 300 s exposure to a propargyl
chloride reactive solution. The propargyl chloride reacts with azide groups not consumed by the initial reaction. The reactive solutions were
deposited on the top surface of the membranes. Scale bars correspond to 5 μm. (C) Zwitterionic functionality was introduced by exposing the
dimethylamino-functionalized membrane to a 1,3-propane sultone solution. This process is characterized by the removal of peak b in spectrum I
and the formation of the sulfonic acid peak at ∼1030 cm−1, labeled c in spectrum II. Negatively charged functionality was introduced through a
propargylamine group, which forms a peak associated with N−H bending at 1580 cm−1, labeled d in spectrum III. Negative charge was
incorporated upon exposing the amine-functionalized sample to 4-sulfophenyl isothiocyanate, forming the sulfonic acid group peaks at ∼1033
cm−1, labeled e in spectrum IV.
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structure of the membranes. Poly(ethylene oxide) (PEO)
molecules of varied molar masses from 1.1 to 9.8 kg mol−1,
whose hydrodynamic size could be calculated by using
literature data,43 were used in these experiments. Figure 3B
shows the percent rejection as a function of solute size. The
rapid decline in rejection for PEO samples with molar masses
below 2.1 kg mol−1, i.e., a solute diameter of 2.4 nm,
demonstrates a narrow pore size distribution. Using these
results in combination with hindered transport models a pore
diameter of 3.4 ± 0.4 nm was estimated.44−46 The consistent
rejection results between the parent copolymer and function-
alized membranes clearly demonstrate that the nanoporous
structure of the membranes was not affected during the
functionalization process. As such, while there appears to be a
change in permeability for all of the functionalized membranes
compared to the unfunctionalized membrane, this is not due to
a nanostructural change. Prior literature has shown that the
grafting of zwitterionic brushes on hydrophobic surfaces can
lead to increased permeability,47,48 with the increase in
permeability being attributed to the increased hydrophilicity
of the membrane surface from the sulfonate group48 as well as
the ability of the zwitterion to increase the amount of free
water at the membrane surface.49,50 Swelling experiments
(Figure S5) and contact angle measurements conducted with
DI water (Figure S6) are consistent with the functionalized

membranes being more hydrophilic than the parent mem-
brane. That is, upon functionalization, copolymer materials
that were not constrained by a PVDF support exhibited 200−
300% increases in their diameter.
Salt rejection experiments were conducted using 1 mM KCl,

1 mM K2SO4, and 10 mM K2SO4 feed solutions. The percent
rejection measured from these experiments is shown in Figure
4. Of the functionalized membranes, the full zwitterionic

membrane exhibited the lowest rejection of salts with 40%
rejection of KCl and 15% rejection of K2SO4 for the 1 mM
feed solutions and no appreciable rejection of K2SO4 at 10
mM. These low rejection values were similar to the unreacted,
parent membrane and can be attributed to the overall neutral
zwitterionic functionality, which does not electrostatically repel
dissolved ions from solution.51 The surface charge of the
functionalized membranes was analyzed via streaming current
analysis (Figure S7) to examine this hypothesis. The full
zwitterionic and parent membranes possessed the lowest
overall surface charge as evidence by a streaming current that
was on average 4× lower in magnitude than the current
produced by the charge-functionalized membranes.
Because of the covalent attachment of sulfonic acid groups

along the pore walls, the full charge and all dual-functional
membranes showed similar streaming current values indicative
of a negative surface charge. This negative surface charge
manifests as the FC membrane exhibiting notably higher
rejection values with 90% rejection of KCl and 93% rejection
of K2SO4 for the 1 mM feed solutions and 84% rejection for
the 10 mM K2SO4 feed solution.52,53 This negative charge was
present at pH values of 5.5 and 3, with >90% rejection of 1
mM K2SO4 achieved at both conditions (Figure S8). The FC
membrane also exhibited low rejection of a divalent cation with
9% of the MgCl2 from a 1 mM feed solution being rejected
(Figure S8). The extent of dual functionality is highlighted by
the ion rejection results for the series of DF membranes.
Membranes with short initial reaction times, which have more
negative charge content, resulted in higher rejection of the 1
mM KCl feed solution. The 5 DF, 10 DF, 20 DF, and 30 DF
membranes rejected 86%, 87%, 72%, and 57% of the salt,
respectively, from this feed solution. Here, the 5 DF and 10 DF
membranes, demonstrate roughly equivalent rejection per-

Figure 3. Transport tests for unreacted, full zwitterionic (FZ), 30, 20,
10, and 5 s dual-functional (DF), and full charge (FC) membranes.
(A) Water flux vs applied pressure for the copolymer membranes. The
hydraulic permeabilities of the membranes were determined from the
slope of the data. (B) Solute rejection curves for the copolymer
membranes. Poly(ethylene oxide) (PEO) molecules of known size
were used as neutral solutes. Feed solutions were made by dissolving
PEO samples with molar masses of 1.1, 2.1, 4.0, 6.0, and 9.8 kg mol−1

in DI water. The percent rejection was determined by taking the ratio
of the PEO concentration in the permeate solution to the 1 g L−1 feed
solution. PEO concentrations were measured by using total organic
carbon analysis.

Figure 4. Ion rejection for unreacted, full zwitterionic (FZ), 30, 20,
10, and 5 s dual-functional (DF), and full charge (FC) membranes.
The percent rejection was determined by taking the ratio of the K+

ion concentration in the permeate to the feed. The K+ concentrations
were determined by using ICP-OES. The water flux was held constant
at 5 L m−2 h−1 by adjusting the applied pressure.
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formance to that of the full charge membrane. There is a
notable decrease in rejection for the membranes fabricated by
using longer initial reactions, i.e., 20 DF and 30 DF samples,
that appears to trend toward the rejection value of the full
zwitterionic membrane. Similar trends were observed for the 1
and 10 mM K2SO4 feed solutions. At 1 mM, the rejection of
K2SO4 is greater than KCl due to the stronger electrostatic
repulsion of the divalent sulfate compared to the monovalent
chloride, consistent with a Donnan exclusion mechanism that
relies on electrostatic interactions between the membrane and
dissolved salts.53 Additionally, K2SO4 rejection is lower at 10
mM due to the increased electrostatic screening (i.e., decreased
Debye length) that results from the increase in ionic
strength.54

The salt rejection experiments highlight that if designed
appropriately, dual-functional membranes can achieve com-
parable salt rejection values relative to full charge membranes.
Namely, using a short initial reaction with 3-(dimethylamino)-
1-propyne leaves a majority of the underlying azide moieties
available for further functionalization, which leads to
membranes with similar incorporation of charged functionality
and corresponding salt rejection properties. When the initial
reaction occurs for an extended period of time, the reduction
of available azides reduces the overall charge density of the
membrane, and a corresponding decrease in rejection is
observed for the 20 and 30 DF membranes. Balancing this
consideration with the introduction of an effective antifouling
top layer is needed to realize the utility of the DF membrane
approach.
3.4. Quantifying Membrane Fouling Propensity.

Bovine serum albumin (BSA) is a protein commonly used to
characterize the fouling propensity of membranes. The Stokes
radius of BSA, 3.5 nm,55 is larger than the pore diameter of the
copolymer membranes developed here, 3.4 ± 0.4 nm. As such,
pore blockage and the formation of a cake layer on the top
surface of the membrane are expected to be the primary
mechanisms of fouling. These mechanisms will be driven by
the attractive interactions between the foulants and the surface
of the membrane. For the charge-functionalized membranes
discussed here, the electrostatic interactions between BSA
dissolved in solution and the membrane surface are critical to
determining the magnitude of these interactions. One method
for modulating these interactions is to examine the fouling
profiles for solutions of varying pH. In particular, BSA has an
isoelectric point at pH 4.7−4.9.56 At this pH value, the protein
has an equal balance of positive and negative charges, such that
it is overall neutral. Below and above this pH value, the BSA
molecules are positively and negatively charged, respectively.57

Based on this prior characterization, 0.5 g L−1 BSA, 1 mM
NaCl solutions adjusted to pH 3 or pH 4.7 were used for the
initial series of fouling experiments. The pH 3 solution was
chosen to maximize the electrostatic attraction between the
positively charged foulant and the negatively charged
membranes. The pH 4.7 solution was examined because it
coincides with the isoelectric point of BSA.
The results from fouling experiments conducted at pH 3 are

shown in Figure 5A. After the water flux stabilized at 5 L m−2

h−1, the BSA solution was introduced and the flux was
monitored for 40 h. The FC membrane demonstrated the
expected fouling performance for charged membranes. At a
constant applied pressure of 2.06 bar (30 psi), a steady flux
decline was observed, and after 40 h the FC membrane
exhibited a 44% drop in normalized flux. Upon rinsing with DI

water, the flux through the membrane remained 35% lower
than the initial flux. In other words, the FC membrane
recovered to 65% of the initial flux after rinsing. In comparison,
when the 5 DF membrane was exposed to the same BSA
fouling solution, a flux decline of only 17% resulted after 40 h.
Moreover, rinsing with DI water restored the water flux to 99%
of its initial value. All of the other DF membranes showed
nearly identical fouling performance with flux declines of
17%−20%, though upon rinsing were unable to recover the
initial flux above 84%.
Surprisingly, the full zwitterionic membrane exhibited

similar fouling performance to the full charge membrane.
While a neutral, hydrophilic chemistry is one indicator of a
surface that exhibits reduced fouling propensity, several
additional parameters contribute to the overall fouling
mechanism. For example, surface roughness is another major
contributor toward membrane fouling whereby rough mem-
branes exhibit higher fouling rates due to the accumulation of
foulants within the valleys and troughs of the surface profile.58

The results from the swelling experiments suggest that the full
zwitterionic membrane was most susceptible to swelling. While
this resulted in an increase in diameter during the swelling
experiments, the copolymer layer of membranes tested in

Figure 5. BSA fouling results for full zwitterionic (FZ), 30, 20, 10, and
5 s dual-functional (DF), and full charge (FC) membranes. A 0.5 g
L−1 BSA solution with 1 mM NaCl at (A) pH 3 and (B) pH 4.7 was
passed though the membrane for a period of 40 h. Prior to fouling, the
flux was stabilized at 5 L m−2 h−1 by using an equivalent solution
without foulant. This value was used for normalization of the flux
recorded during the fouling experiment. After exposure to the foulant
solution, the membrane was rinsed with DI water and the flux was
tested again, with regained permeability shown as the star.
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fouling experiments was restricted by the PVDF support layer
which kept their diameter constant. Thus, the copolymer
expansion is most likely translated to a change in surface
structure and resulted in an increased roughness. This change
in roughness was also noted as a visible change in surface
profile of the FZ membrane. The 30 and 20 DF also
demonstrated changes in surface roughness, but the 10 DF, 5
DF, and FC membranes did not (Figure S9). Attempts were
made to collect atomic force microscopy (AFM) surface
profiles (Figure S10), but high-resolution micrographs of the
FZ membranes were difficult to obtain within a liquid
environment. SEM micrographs of the dried surface were
obtained and do appear to indicate a change in the surface
structure (Figure S11).
The results from fouling experiments conducted using a 0.5

g L−1 BSA, 1 mM NaCl feed solution at pH 4.7 are shown in
Figure 5B. The FC membrane again showed high fouling rates,
with a 60% decrease in flux after 40 h. Notably, the flux decline
over time for the solution at pH 4.7 was different than that
observed for the solution at pH 3. Instead of a steady decline in
flux like that observed for the pH 3 solution, the pH 4.7
solution exhibited a severe drop in flux within the first 5 h,
losing 30% of flux within this period, and a more gradual 30%
loss in flux over the last 35 h. This sharp initial decline is
consistent with fouling at the isoelectric point of BSA.56

Namely, the electrostatic repulsion between BSA molecules in
solution and BSA molecules on the fouled membrane surface is
reduced under the pH 4.7 conditions, exacerbating the rate of
fouling.56,59 At a pH of 3, as BSA begins to foul the surface, the
electrostatic repulsions between the foulants on the membrane
surface and the BSA molecules dissolved in solution slow the
accumulation of a cake layer, leading to a more gradual decline
in flux.57 At a pH of 4.7, the initial deposition of BSA on the
surface does not create a charged layer of foulants on the
membrane surface that is capable of repelling additional BSA
molecules in solution, resulting in a much more rapid initial
flux decline. At longer times, the rate of fouling begins to
decrease as the transport of water through the cake layer
becomes the controlling resistance.10 Eventually, a steady state
is reached where the cake layer deposition is balanced with the
shear force caused by stirring.60 Rinsing the FC membrane
with DI water recovered only 53% of the initial flux.
The 5 DF and 10 DF membranes each showed an overall

flux reduction of 18%, equal to that of the pH 3 solution. The
rate in which the fouling occurs differs though, with the pH 3
solutions having a gradual decrease compared to the more
rapid decrease at pH 4.7. Following this decline, the
normalized flux at pH 4.7 quickly reaches a steady value.
Upon rinsing, the 5 DF and 10 DF membranes were able to
regain 92% and 94% of the initial flux, respectively. The FZ, 20
DF, and 30 DF membranes also experience much more rapid
flux decline relative to that observed at pH 3, with a 90% loss
in flux observed for the FZ membrane. This observation
correlates with the influence that surface roughness has on
fouling. While a rougher surface will trap more foulants on the
surface than a smooth membrane, at a pH of 3, the
electrostatic repulsion of BSA in solution with that of BSA
on the surface may reduce the overall rate of fouling. At a pH
of 4.7, this repulsive interaction is dramatically reduced, and a
rapid decline in flux is seen. Future efforts can design the
copolymer material to better account for the impact of swelling
on membrane performance. The present results do show that
for a short exposure time the 5 DF and 10 DF membranes,

which demonstrated comparable ion rejection to the FC
membranes, exhibit markedly improved fouling performance
compared to the FC membranes.
The electrostatic interactions between BSA dissolved in

solution and the membrane surface can also be modified by
changing the ionic strength of the solution. This modification
affects the characteristic distance over which charged solutes in
solution interact with the surface, i.e., the Debye length.59,61

Reducing the Debye length by increasing the salt concen-
tration in solution has been shown to increase fouling due to
the reduced electrostatic repulsion between BSA adsorbed on
the surface and that in solution.56 Here, the effects of salt
concentration on membrane fouling was analyzed by using
solutions containing 0.5 g L−1 BSA and salt concentrations of
1, 10, and 100 mM NaCl (Figure S12).
The FC membranes were tested with a foulant solution at

pH 3, and the FZ membranes were tested at pH 4.7. These pH
values were chosen as each corresponded to the most severe
fouling observed at 1 mM NaCl for these two membranes. For
the FC membrane at pH 3, increasing the salt concentration
resulted in a decrease in fouling propensity. All three solutions
resulted in similar fouling profiles for the first 10 h of testing,
with the 1 mM solution beginning to have a more severe
decrease in flux over the final 30 h. The final flux values for the
FC membranes increased from 56% at 1 mM to 79% at 10 mM
and finally 88% at 100 mM. This set of results is contrary to
the idea that fouling becomes worse due to the increased
shielding of electrostatic interactions at the membrane surface.
While this shielding may reduce the repulsive interactions
between BSA on the surface and BSA in solution, it may also
shield the attractive interactions between the negatively
charged surface and BSA, thereby reducing the fouling
propensity. This trend has also been noticed when measuring
the adsorption isotherms of BSA on poly(ether sulfone)
ultrafiltration membranes.62

The FZ membrane at pH 4.7 also experienced a decrease in
fouling at increased salt concentrations. A reduced rate of
initial fouling was seen at higher salt concentrations, with the
flux for the 10 and 100 mM NaCl solution membranes
remaining constant for the first 4 h exposed to BSA, while the 1
mM NaCl solution membrane had lost 57% of the initial flux at
this same interval. The final flux values for FZ membranes
fouled at 1, 10, and 100 mM were 9%, 24%, and 63% of the
initial flux, respectively. As this solution is at the isoelectric
point of BSA, the change in fouling is not attributed to
shielding of the electrostatic charges, but rather a change in the
structure of BSA. The compact BSA structure at the isoelectric
point is attributed to the interactions between the oppositely
charged functional groups within the BSA molecule. As the salt
concentration increases, the added salt can begin to shield the
interactions between the functional groups, resulting in a larger
molecule.56 As the FZ membrane has some surface roughness,
a smaller molecule could be more easily trapped within the
troughs and valleys of the surface, while a larger molecule may
not be able to enter,58 resulting in reduced fouling at higher
salt concentrations.
Lastly, the 5 DF membrane was exposed to 100 mM NaCl

solutions at both pH 3 and pH 4.7. In both instances, the 5 DF
membrane experienced similar levels of flux decline independ-
ent of the NaCl concentration. There were some differences in
fouling behavior though. For example, at pH 4.7, fouling for
the 100 mM NaCl solution was delayed for the first 3 h of
testing when compared to the 1 mM NaCl solution. The 100
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mM NaCl solution membrane ended with a flux of 90% the
initial flux, while the 1 mM NaCl solution membrane was
slightly lower at 84%. At pH 3, the 5 DF membrane
experienced a slightly greater decrease in flux for the 100
mM NaCl BSA solution. A similar steady decline in flux was
seen for the 1 and 100 mM NaCl foulant solutions, except the
1 mM ended with 82% of the initial flux and the 100 mM
ended with 67% of the initial flux. The ability of the 5 DF
membranes to frequently exhibit lower fouling propensity
relative to that of the FC membranes indicates that the
controlled functionalization process is capable of creating the
appropriate balance of antifouling and ion rejection moieties.

4. CONCLUSION

Multifunctional membranes, which exhibit high ion rejection
by Donnan exclusion and antifouling characteristics, were
fabricated by taking advantage of the rapid kinetics of the
CuAAC reaction mechanism. Tailor-made copolymer mem-
branes were exposed sequentially to two reactive solutions for
controlled periods of time. A short initial reaction with 3-
(dimethylamino)-1-propyne allowed the antifouling zwitter-
ionic moieties to be localized near the top surface of the
membrane without consuming all of the reactive azide moieties
within the membrane. A subsequent reaction with negatively
charged functional groups consumed the azide moieties
underlying the antifouling layer to create the dual-functional
membranes. These dual-functional membranes were able to
achieve a comparable ion rejection performance to control
membranes that were functionalized fully with negative charge.
Moreover, the membrane with the dual-functional architecture
exhibited notably lower fouling propensity relative to control
membranes. These results demonstrate the potential that
properly designing functionalization protocols to localize
targeted functional groups within a membrane has for
enhancing the performance of nanofiltration membranes.
Moreover, the modular nature of the CuAAC and other click
chemistry mechanisms offers a means by which to design and
fabricate multifunctional, Janus membranes for a plethora of
future applications.
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