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ABSTRACT: Membranes derived from copolymer materials
are a promising platform due to their straightforward
fabrication and small yet tunable pore structures. However,
most current applications of these membranes are limited to
the size-selective filtration of solutes. In this study, to advance
the utility of copolymer membranes beyond size-selective
filtrations, a poly(acrylonitrile-r-oligo(ethylene glycol) methyl
ether methacrylate-r-glycidyl methacrylate) (P(AN-r-
OEGMA-r-GMA)) copolymer is used to fabricate membranes
that can be chemically modified via straightforward schemes.
The P(AN-r-OEGMA-r-GMA) copolymer is cast into
asymmetric membranes using a nonsolvent induced phase
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separation technique. Then, the surface charge of the membrane is modified to tailor its performance for nanofiltration
applications. The oxirane groups of the glycidyl methacrylate (GMA) moiety that line the pore walls of the membrane allows for
both positively charged and negatively charged moieties to be introduced directly without any prior activation. Notably, the
highly size-selective nanostructure of the copolymer materials is retained throughout the functionalization processes. Specifically,
amine moieties are attached to the pore walls using the aminolysis of the oxirane groups. The resulting amine-functionalized
membrane is positively charged and rejects up to 87% of the salt dissolved in a 10 mM magnesium chloride feed solution. Further
modification of the amine-functionalized membrane with 4-sulfophenyl isothiocyanate results in pore walls lined by sulfonic acid
moieties. These negatively charged membranes reject up to 90% of a 10 mM sodium sulfate feed solution. Throughout the
modification scheme, the membrane permeability remains equal to 1.5 L m™> h™" bar™' and the rejection of neutral solutes (i.e.,
sucrose and poly(ethylene oxide)) is consistent with the membrane having a single well-defined pore diameter of ~S nm. The
performance of the membrane as a function of ion valence number, solution pH, and ionic strength is investigated.
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1. INTRODUCTION

Because of their small footprint, simple operation, and modular
design, membrane devices are attractive options for a number
of applications.l_4 For example, membrane separations have
been implemented successfully in desalination,””” water
treatment,” " and pharmaceutical'"'* processes. In these
settings, the majority of the membranes implemented separate
molecules using a size-selective mechanism. This reliance on
steric hindrance or depth filtration mechanisms has limited the
utility of membrane devices primarily to filtration and dialysis
applications."””'>'* However, opportunities exist for the
chemical functionalization of membranes to enhance the
performance of some membrane processes by introducing
new transport mechanisms or improving the lifetime of size-
selective filters."”™"® The development of straightforward and
simple methods to alter the surface chemistry of membranes
without damaging the nanostructures of the membranes is
critical to the further advancement of processes that implement
chemically tailored membranes.

Many techniques have been used to modify the pore
chemistry of membranes including physical modifications, such
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as layer-by-layer assembly'”~*" and the deposition of nanoma-

terials,”**® and chemical modifications, such as coating with
cross-linked hydrogels™ and grafting polymer brushes to or
from the membrane surface.”>~** Significant progress has been
made in optimizing these membrane modification schemes, but
challenges remain. Physical modification techniques rely on van
der Waals, hydrogen bonding, coordination, and electrostatic
interactions to bind functional moieties to the surface of the
membrane conformally. The ease and flexibility of these
methods in addition to the fact that they do not disrupt the
membrane structure are attractive features that have been used
to make membrane adsorbers,*”* ion exchange mem-
branes,'”?' reactive membranes,”> and gas-separation mem-
branes.*® However, when compared with chemical methods
that covalently attach functional groups to the membrane
surface, the lower stability of physically modified membranes
during prolonged use or in extreme temperature or pH
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conditions is a concern. Conversely, methods to incorporate
functional groups through a covalent bond demonstrate high
stability and functionality. However, in some cases, the
treatments used to initiate the surface reactions can result in
unwanted side reactions or damage to the membrane
nanostructure that can impact membrane performance
negatively, which is a concern for these chemical functionaliza-
tion methods.”' > Therefore, the continued development of
methods to tune chemical functionality without disrupting the
nanostructure of the membranes is necessary.

Membranes derived from copolymer-based precursors are
one attractive platform for addressing the challenges that face
current modification schemes. In particular, the microphase
separation of copolymers results in membranes that are easy to
process and possess a high density of pores with a well-defined
size.">*** Furthermore, by designing the chemistry and
macromolecular architecture cleverly during the synthesis of
the copolymer, the ultimate structure and functionality of the
membranes can be engineered in a rational, systematic manner.

Prior work has demonstrated that membranes, which exhibit
exemplary performance as size-selective filters, can be fabricated
from ampihiphilic copolymers.***” Poly(acrylonitrile-r-oligo-
(ethylene glycol) methyl ether methacrylate) (P(AN-r-
OEGMA)) is one specific example where the microphase
separation of the poly(ethylene oxide) (PEO) brush from the
polyacrylonitrile (PAN) matrix templates a bicontinuous
structure containing pores that act as precise nanoscale sieves.””
On this basis, we expand the application of these novel
nanofiltration membranes by incorporating glycidyl methacry-
late (GMA) into the copolymer membrane precursor. Glycidyl
methacrylate represents an attractive platform for modifying the
chemical functionality as functional moieties can be immobi-
lized through the nucleophilic ring-opening of the epoxide
group.”® ™"’ Because of the regular nanostructure generated by
the PEO brushes and simple modifications enabled by the
GMA moieties, membranes fabricated from poly(acrylonitrile--
oligo(ethylene glycol) methyl ether methacrylate-r-glycidyl
methacrylate) (P(AN-r-OEGMA-r-GMA)) materials should
allow for the formation of stable chemical functionality while
maintaining the nanostructural integrity of the membranes.

In this work, we report the fabrication of asymmetric
nanofiltration membranes from the ampiphilic copolymer
P(AN--OEGMA--GMA) and demonstrate that the structure
of this nanoporous thin film results in a sharp size-selective
filtration of solutes. Subsequently, the ring opening of the GMA
group with a diamine allowed for positively charged moieties to
be introduced in the solid-state.’” Further modification of the
amine-functionalized membrane with an isothiocyanate pro-
duces membranes functionalized with negatively charged
sulfonic acid groups.*"** Hydraulic permeability measurements
and solute rejection test with neutral molecules confirm that
these straightforward modification schemes do not impact the
performance of the membranes as size-selective filters.
Importantly, solute rejection experiments conducted with
charged solutes indicate clearly that the ion transport properties
are easily tailored using these methods. This combination of
small pore sizes and tunable chemical functionality provided by
the copolymer-based membranes holds much potential for
further applications in the fields of water purification, sensing,
and bioprocessing.

2. MATERIALS AND METHODS

2.1. Materials. All chemicals were purchased from Sigma-Aldrich
unless otherwise noted. Acrylonitrile, poly(ethylene glycol) methyl
ether methacrylate (M, = 500 g mol™), and glycidyl methacrylate
were purified by passing them through a basic alumina (VWR, West
Chester, PA) column prior to use. A Millipore water purification
system (Milli Q Advantage A10, Millipore Corporation, Bilerica, MA)
provided deionized water (DI water), which was used in preparing
solutions for permeability and solute rejection tests and for rinsing the
test cell at the conclusion of an experiment. PAN-400 ultrafiltration flat
sheet membranes, which were used for mechanical support, were
purchased from Nanostone Water, Inc. (Oceanside, CA).

2.2. Polymer Synthesis and Characterization. 2.2.1. Synthesis
of P(AN-r-OEGMA-r-GMA). The poly(acrylonitrile-r-oligo(ethylene
glycol) methyl ether methacrylate-r-glycidyl methacrylate) (P(AN-r-
OEGMA-r-GMA)) copolymer was synthesized using a free radical
polymerization mechanism. Four grams of acrylonitrile, 4.0 g of
poly(ethylene glycol) methyl ether methacrylate, 2.0 g of glycidyl
methacrylate, 0.5 mol % azobis(isobutyronitrile) (AIBN) relative to
total amount of monomer, and a stir bar were added to a round-
bottom flask containing 30 mL of dimethyl sulfoxide (DMSO). The
flask was purged with nitrogen gas for 1 h before heating the system to
60 °C for 20 h. Then, the solution was cooled to room temperature,
and the polymer was precipitated in diethyl ether. The polymer was
redissolved in DMSO and precipitated in diethyl ether three more
times to remove residual monomer. The final product was dried in a
vacuum oven for 24 h.

2.2.2. Characterization of P(AN-r-OEGMA-r-GMA) Polymer. The
'H nuclear magnetic resonance ("H NMR) spectra of the P(AN-r-
OEGMA--GMA) copolymer were measured with a Bruker Advance
III HD400 spectrometer, using deuterated dimethyl sulfoxide
(DMSO-dg) as the solvent. The molecular weight of polymer was
determined using a dimethylformamide (DMF) gel permeation
chromatography (GPC) system including a Waters 515 HPLC
pump, a Waters 2414 refractive index detector, three Polymer
Standards Services (PSS) columns (GRAM, 10% 10 and 10* A)
with DMF at 55 °C as eluent, volumetric flow rate = 1.00 mL min~".
Linear poly(methyl methacrylate) (PMMA) standards (Polymer
Standards Service-USA, Inc., Amherst, MA) with molecular weights
ranging from 730 g mol™' to 1010000 g mol™' were used for
calibration.

2.3. Membrane Fabrication, Functionalization, and Charac-
terization. 2.3.1. Membrane Fabrication Procedure. Membranes
were cast using a nonsolvent induced phase separation (NIPS)
method.”'>* In this method, an 18.5 wt % solution of P(AN-r-
OEGMA-r-GMA) polymer was prepared by dissolving the polymer in
DMSO. Prior to casting a membrane the solution was filtered through
a 1 pum syringe filter and stirred slowly overnight to facilitate the
release of dissolved gases. A small volume (~1 mL) of the casting
solution was pipetted onto a PAN-400 membrane, which was taped to
a glass plate, and a doctor blade set to a gate height of 67 ym was used
to draw down a uniform thin film of polymer solution. Solvent was
allowed to evaporate from the film for S min before plunging the film
into a nonsolvent (isopropyl alcohol) bath. The membrane was stored
in a sealed isopropyl alcohol bath until further functionalization or
transport tests were conducted.

2.3.2. Preparation of Amine-Functionalized Membranes. The
ring opening reaction between 1,6-diaminohexane and the epoxide
moiety of GMA was used to generate amine-functionalized
membranes.”” A membrane sample was submerged in a 2 M aqueous
solution of the diamine. The volume of the solution was selected such
that a 10X molar excess of diamine, relative to the epoxide moieties
within the membrane, was present. The membranes were incubated in
the diamine solution at room temperature for up to 3 h. The
membranes were rinsed and stored in DI water after functionalization.

2.3.3. Preparation of Sulfonic-Acid-Functionalized Membranes.
The reaction between an isothiocyanate and a primary amine was used
to produce sulfonic-acid-functionalized membranes.*"** Specifically,
an amine-functionalized membrane was submerged in a 0.06 M 4-
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sulfophenyl isothiocyanate (sodium salt form) in ethanol solution for
up to 4 h. The solution temperature was maintained at 60 °C. The
membrane was removed, washed with DI water, and stored in DI
water after functionalization.

2.3.4. Nanostructual and Chemical Characterization of Poly-
meric Membranes. Attenuated total internal reflectance-Fourier
transform infrared (ATR-FTIR) spectra of the P(AN-r-OEGMA-r-
GMA) parent membrane, the amine-functionalized membrane, and
the sulfonic-acid-functionalized membrane were acquired using a Jasco
FT/IR-6300 spectrophotometer. Prior to analysis, the membranes
were dried in a vacuum oven for 3 h. The ATR-FTIR spectra were
collected over the range of wavenumbers from 4500—650 cm™". The
microstructure of the membranes was characterized by scanning
electron microscopy (SEM) using a Magellan 400 field emission
scanning electron microscope. One cm X 1 cm sections of membrane
were cut with a razor blade and allowed to air-dry for several minutes
before being fixed onto a SEM sample holder (Ted Pella Inc., Redding,
CA) with carbon tape. For cross-sectional imaging, the dried
membranes were submerged in liquid nitrogen for at least 5 min
then cracked in half. During this process, the nonwoven layer of the
PAN400 membrane was removed before the cracked membrane was
attached perpendicularly to a SEM sample holder. The samples were
coated with 2 nm of iridium to prevent charging. Typically,
micrographs were collected at an accelerating voltage of 5 kV and a
working distance of 4 mm.

2.4. Stirred Cell Filtration Experiments. 2.4.1. Hydraulic
Permeability Tests. One inch diameter sections of the P(AN-r-
OEGMA-r-GMA) membrane, the amine-functionalized membrane,
and the sulfonic-acid-functionalized membrane were punched out
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 solution and pressurized with nitrogen gas.
The permeating solution was collected in 20 mL scintillation vials that
rested on a balance. The steady-state water flux at each applied
pressure was calculated by measuring the mass of the permeate as a
function of time. The variation of the water flux over a range of applied
pressures from 20 to 60 psi was used to calculate the hydraulic
permeability of the membranes.

2.4.2. Molecular Weight Cutoff Tests and Analysis. One gram per
liter poly(ethylene oxide) (PEO) solutions were prepared by
dissolving PEO samples of known molecular weights (1.1, 2.1, 4.0,
7.8, 10, and 35 kDa) in DI water to produce seven solutions. The PEO
samples used for the molecular weight cutoff test were purchased from
Polymer Source Inc. (Montreal, Quebec, Canada), and all had a
dispersity (D) value less than 1.1. A 1 g L™" sucrose solution was made
by dissolving sucrose in DI water. The membranes were challenged
with the sucrose solution and each PEO solution separately while
stirring the solution at 600 rpm. The first 1 g of permeate was
discarded and then two 1 g samples were collected in clean 20 mL
scintillation vials. The vials were sealed and stored in a fridge until they
were analyzed. During these experiments, the feed solutions were
continuously refilled to maintain at least 8 mL in the stirred cell. The
stir cell was emptied and rinsed with DI water at least 3 times between
each test. The concentrations of PEO in the permeate and feed
solutions collected during each experiment were measured with a
Shimadzu TOC-TN Organic Carbon Analyzer. The percent rejection
was calculated according to the equation

C
R(%):(l——P)XIOO

Ct 1)
where C,, and C; represent the concentrations of PEO in the permeate
and the feed, respectively.

2.4.3. Salt Retention Tests and Analysis. Single salt solutions of
sodium chloride (NaCl), magnesium chloride (MgCl,), sodium sulfate
(Na,SO,), and magnesium sulfate (MgSO,) were prepared by
dissolving each salt in DI water at the prescribed concentration. Salt
rejection was determined by filling the stirred cell with a salt solution
and driving permeation using N, gas. The permeate was collected in
clean 20 mL scintillation vials. The feed solutions were continuously

refilled to maintain at least 8 mL. Between experiments with the same
salt at different concentrations or different salts, the stir cell was
emptied and rinsed with DI water at least 3 times and 1 g of DI water
was passed through membrane.

The concentrations of magnesium chloride and magnesium sulfate
in the permeate and feed solution samples were measured using a
PerkinElmer Optima 8000 Inductively Coupled Plasma Optically
Emitting Spectra (ICP-OES) to quantify the concentration of Mg™".
The concentrations of sodium chloride and sodium sulfate in the
permeate and feed solution samples were measure using a Dionex ICS-
5000 ion chromatography (IC) system to quantify the concentration
of Na*, CI7, and SO,>". The percent rejection for the various salts was
calculated using eq 1.

2.4.4. pH Dependent Transport Properties. Some tests required
the solution to be adjusted to a specific pH. A S0 mL sample of the
solution was placed into a beaker, and hydrochloric acid or sodium
hydroxide was added as needed to adjust the pH between 2.5 and 11.
Values of the pH were measured using an Accumet AP11S portable
pH meter (Fisher Scientific, Waltham, MA). Before the sample was
used in an experiment, the beaker was sealed using Parafilm until the
pH reading was stable. Transferring the sample to the stirred cell was
done quickly to minimize exposure to the open atmosphere.

3. RESULTS AND DISCUSSIONS

3.1. Copolymer Synthesis and Characterization. The
P(AN-r-OEGMA--GMA) copolymer was synthesized using a
free radical polymerization mechanism. This particular
copolymer was used because the PAN allows for the formation
of a robust, mechanically stable matrix, the PEO side chains of
the poly(oligo(ethylene glycol) methyl ether methacrylate)
(POEGMA) microphase separate from the matrix to froduce a
continuous network of water permeable pores,37’4 and the
GMA functionality allows for the pore walls of the membranes
to have specific and easily tailored functionality.

A combination of "H NMR spectroscopy and gel permeation
chromatography (GPC) indicated the synthesis of a high
molecular weight copolymer that contained AN, OEGMA, and
GMA moieties. GPC analysis, based on PMMA standards,
indicated that the average molecular weight of the material was
250 kg mol ™! with a dispersity (D) value of 3.2 (Figure S1).
The weight fractions of AN, OEGMA, and GMA in the
copolymer material, as determined by 'H NMR, were 40%,
40%, and 20%, respectively (Figure 1). PEO weight content
was calculated from ratio of side chain PEO protons (3.5 ppm)
to total backbone tail protons (1.7—2.2 ppm), which was equal
to 32%.

In addition to a sufficient fraction of PEO to produce a
continuous network of pores that percolated through the
membrane, microphase separation of the PEO side chains from
the matrix-forming material is critical to the generation of
permeable membranes.”” Differential scanning calorimetry
(DSC) was used to characterize the thermal transitions of the
P(AN--OEGMA-r-GMA) copolymer (Figure S2). A glass
transition was observed around —S5S5 °C, which is consistent
with the glass transition temperature of noncrystalline PEO
homopolymer.”> Another glass transition, which can be
attributed to the backbone rotation of the PAN matrix, was
observed at 145 °C.*® The presence of two distinct glass
transition temperatures is consistent with microphase separa-
tion of the P(AN--OEGMA) material.>”** As such, the GMA
moieties that enable the straightforward functionalization of the
membrane pores in the solid-state should not interfere with the
fabrication of size-selective membranes.

3.2. Epoxy-Functionalized Membranes. 3.2.1. Mem-
brane Fabrication. Asymmetric membranes were prepared
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Figure 1. '"H NMR spectra of P(AN--OEGMA--GMA) copolymer.
Characteristic peaks and corresponding protons from each moiety are
labeled. The a and b, f, and h peaks are used to determine the relative
composition of OEGMA, AN, and GMA, respectively, in the

copolymer.

from the P(AN-r-OEGMA-r-GMA) copolymer using the NIPS
method as described above. Cross sectional micrographs of the
membranes, which show a thin active layer on top of a thicker
support layer, are displayed in Figure S3. When solvent is
allowed to evaporate from the coated film of casting solution,
the polymer density increases at the film—air interface. This
facilitates the microphase separation of the PEO side chains and
matrix forming polymer, which templates the bicontinuous
structure that makes these membranes highly selective
nanofilters. The underlying support layer, which possesses
more porous macrovoids, is formed during the nonsolvent
induced precipitation step.*”**

3.2.2. Membrane Characterization. Transport tests, specif-
ically hydraulic permeability and solute rejection experiments,
were conducted using the epoxy-functionalized membrane
prior to chemical modification to demonstrate its performance
as a size-selective filter. Using a stirred cell, the hydraulic
permeability of the membranes was determined by measuring
the water flux at applied pressures that ranged from 20 to 60 psi
(Figure 2a). The hydraulic permeability of the epoxy-function-
alized membranes was 1.5 + 0.7 L m~> h™" bar .

In addition to the hydraulic permeability, the ability of the
P(AN-r-OEGMA-r-GMA) membrane to filter dissolved solutes
based on size was quantified. For these experiments, the
membrane was challenged with solutions containing sucrose or
poly(ethylene oxide) (PEO) molecules that varied in molecular
weight from 1.1 to 35 kDa. The hydrodynamic diameters of the
PEO samples were calculated using literature data for the
intrinsic viscosity and diffusion coefficients of PEO in aqueous
solutions. Based on these correlations, the hydrodynamic
diameters were determined to range from 1.7 to 11.7 nm.*>’
Sucrose has a well-characterized hydrodynamic diameter of 1.06
nm.”" The percent rejection eq 1 is plotted as a function of the
hydrodynamic diameter in Figure 2b. The higher molecular
weight samples (4.0—35.0 kDa) are almost completely rejected
(Figure S4). In contrast, the 1.1 kDa and 2.1 kDa PEO and
sucrose samples are only rejected partially. The rapid decline in
rejection for samples with molecular weights less than 4.0 kDa
indicates a narrow pore size distribution with an average pore
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Figure 2. (a) DI water flux vs applied pressure for the epoxy-
functionalized, amine-functionalized and sulfonic-acid-functionalized
copolymer membranes. The hydraulic permeabilities of the mem-
branes were determined from the slope of the data, which were
generated by measuring water flux at applied pressures ranging from
20 to 60 psi. (b) Solute rejection curves for the epoxy-functionalized,
amine-functionalized and sulfonic-acid-functionalized copolymer
membranes. Sucrose and poly(ethylene oxide) (PEO) molecules of
known size were used as neutral solutes. Feed solutions were made by
dissolving sucrose (342 g mol™') or PEO samples with molecular
weights of 1.1, 2.1, and 4.0 kg mol™" in DI water. The percent rejection
was determined by taking the ratio of the sucrose or PEO
concentration in the permeate to the 1 g L™" feed. Error bars indicate
one standard deviation in measurements from multiple experiments.

size similar to that of the 4.0 kDa molecules. Because of their
neutral charge and minimal interactions with the surrounding
environment, we assumed that the sucrose and PEO molecules
were being sieved from solution based solely on size. This
assumption allowed us to estimate the characteristic pore size of
the epoxy-functionalized membrane using the theory for
hindered transport proposed by Zeman and Wales.'* In
particular, the rejections of sucrose, the 1.1 kDa (1.7 nm)
and 2.1 kDa (2.4 nm) PEO samples, 12%, 30%, and 52%,
respectively, are consistent with an average pore size of 5.6 nm.

3.3. Preparation of Charge-Functionalized Mem-
branes. 3.3.7. Membrane Functionalization Protocols. The
unique nanostructure of the P(AN-r-OEGMA-r-GMA) copoly-
mer membrane results in a sharp molecular weight cutoff that
makes the membrane well-suited for size selective filtrations. In
many applications of membrane devices, it is desirable to tailor
the interactions between the membrane and the surrounding
solution. However, as noted previously, many of the membrane
functionalization schemes reported to date lead to undesired
changes in the pore structure of the parent membrane. This
complicates the systematic design of the membrane structure
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Figure 3. ATR-FTIR spectra of the functional copolymer membranes. In the lower spectrum, for a native P(AN-r-OEGMA-r-GMA) membrane, the
signal at ~908 cm™' corresponds to the antisymmetric ring deformation band of the epoxide group in GMA labeled a. In the middle spectrum, for a
P(AN-r-OEGMA--GMA) membrane immersed in a 2 M aqueous solution of 1,6-diaminohexane for 3 h, the intensity of the epoxide peak decreases.
The intensity of the signal at ~1580 cm™, which corresponds to N—H bending band labeled b, increases. In the top spectrum, for an amine-

functionalized membrane reacted with 4-sulfophenyl isothiocyanate sodium salt monohydrate for 4 h, the intensity of the signals at ~1033 cm™,

-1

which corresponds to the sulfonic acid group vibrational adsorption peaks labeled c. The spectra are normalized with respect to carbonyl stretch

band at ~1725 cm™.

and chemistry. Here, the incorporation of the GMA moiety
prior to membrane fabrication enables the facile modification of
the chemistry that lines the pore walls in the solid-state (i.e.,
after fabrication). In this study, the nucleophilic oxirane ring-
opening reaction is used to systematically modify the chemistry
within the pores with relative ease. Specifically, the ring-
opening reaction with a diamine was investigated to produce a
membrane with amine groups lining the pore walls. By
incubating the membrane in diamine solution, the epoxide
groups reacted with one amino-group, immobilizing the other
amino-group inside the pore. At predefined reaction times, the
substrates were taken out from the reaction solutions,
thoroughly rinsed with water, and air-dried. These samples
were analyzed by FTIR. A time series of the FTIR spectra is
included in the Supporting Information as Figure SS. Based on
these data, the reaction was complete after 90 min. The
terminal spectrum is displayed in Figure 3 along with the
spectra of the parent epoxy-functionalized membrane. Between
the bottom and middle spectra in Figure 3, the epoxide signal at
908 cm™' disappears, which is good evidence for the ring-
opening of the oxirane group.”® The successful aminolysis of
the side chains is further evidenced by the appearance of N—H
bending band around 1580 cm™". This suggests that the epoxy-
functionalized membrane is modified into amine-functionalized
membrane, which should possess a positive charge when the
amine groups protonate.

The amine groups also can serve as new active sites for
further chemical modification. Here, the amine-functionalized
membrane was reacted with sulfophenyl isothiocyanate sodium
salt in ethanol solution at 60 °C. A time series of the FTIR
spectra is included in the Supporting Information (Figure SS),
with the terminal spectrum included at the top of Figure 3. The
terminal spectrum shows an intense peak at ~1033 cm™,>
which is characteristic of sulfonic acid group vibration. This
indicates that sulfonic acid groups replaced the amine groups
inside the nanochannels after the reaction between the
isothiocyanate and amine. Consequently, the resulting
sulfonic-acid-functionalized membranes should possess a
negative charge at most pHs because of the covalently attached

sulfonic acid group. In this way, after two straightforward solid
states modifications, the functional groups lining the pore wall
of the copolymer membrane changed from oxirane to amine to
sulfonic acid, and a corresponding change in the membrane
surface charge from neutral to positive to negative should also
be observed with little change to the membrane structure.

The fabricated terpolymer membrane and the postmodified
membranes were characterized using both microscopy and
transport tests. Scanning electron microscopy reveals a smooth,
defect-free surface of the copolymer membrane both before and
after modification reactions (Figure S6) suggesting that there is
no significant damage to the membrane structure caused by the
functionalization with amine or sulfonic acid groups. Moreover,
transport tests support the assertion that the self-assembled
structure of the membrane remains intact after the function-
alization reactions. The hydraulic permeability of the
membrane after each modification step was 1.5 + 0.7 L m~2
h™! bar™!(Figure 2a), which is consistent with the permeability
of the epoxy-functionalized membrane. The solute rejection
curves for the amine-functionalized membrane and sulfonic-
acid functionalized membrane are compared with the rejection
curve for the epoxy-functionalized membrane in Figure 2b.
PEO rejection decreases sharply around a PEO molecular
weight of 4 kDa, which is in good agreement with the original
epoxy-functionalized membrane. The combined results from
water flow and solute rejection tests provide solid evidence that
the membrane nanostructure remains intact after the
functionalization process.

3.3.2. Tunable lon Permeation Properties of Charge
Functionalized Membranes. The membrane nanostructure,
and ability to perform as a highly size-selective filter, remains
intact after each step of the functionalization process. However,
the incorporation of amine and sulfonic acid moieties will affect
the interactions between the membrane and solutes in solution.
For example, the positively charged amine and negatively
charged sulfonic acid groups can enhance the rejection of
charged solutes. Co-ions (i.e., those with the same charge as the
membrane) will be repelled by the charged membrane surface,
and the counterions (i.e., those with the opposite charge as the
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Figure 4. Salt rejection as a function of pH for amine-functionalized membrane (a) and sulfonic-acid-functionalized membrane (b). The percent
rejection was determined by taking the ratio of the ion concentration in the permeate to the 10 mM feed. For solutions containing MgCl, or MgSO,,
the Mg concentration was determined using ICP-OES. For the solutions containing NaCl or Na,SO,, percent rejection was calculated using the
anion and cation concentrations determined by IC. The salts were dissolved in DI water and the pH was adjusted by adding HCI, HNO;, or NaOH
as needed. An applied pressure of 50 psi was used to drive permeation in all of the experiments. Error bars indicate one standard deviation in

measurements from multiple experiments.

membrane) will be retained near the membrane due to the
energy penalty associated with charge separation.””" The
balance between these effects is critical to the ability of the
membrane to remove dissolved salts from solution.

The solute rejection experiments using PEO suggested that
the membranes possess an active layer with a consistent, well-
defined pore size around 5 nm. In comparison, the hydro-
dynamic diameters of dissolved ions typically range from 0.60
to 0.86 nm.” As such, the steric hindrance of ions by the
membrane should not be significant, and the ions should
permeate freely.>*” Salt rejection experiments conducted with
a 10 mM MgCl, solution and the epoxide-functionalized
membrane confirmed this hypothesis. The neutral membrane
rejected only 14% of the MgCl,. For the charge-functionalized
membranes, however, electrostatic interactions will affect ion
rejection greatly. The Donnan theory for membrane equilibria
gives an idealized framework for examining the retention of
point-charge ions by a charged membrane.”® In particular, it
predicts that charged membranes will exhibit higher rejection of
salts with multivalent co-ions and monovalent counterions and
a lower rejection of salts having multivalent counterions and
monovalent co-ions.*®

Solute rejection experiments were conducted using 10 mM
feed solutions of MgCl,, MgSO,, Na,SO,, NaCl at pH 6.0 to
investigate the role electrostatic interactions play in the
performance of charge-functionalized copolymer membranes.
The percent rejection of each electrolyte by the positively
charged amine-functionalized membrane are compared in
Figure 4a. At pH 6.0, the salt rejection results follow a
sequence of R(MgCl,) = 81% > R(NaCl) = 52% ~ R(MgSO,)
= 43% > R(Na,SO,) = 20%, which is consistent with the
Donnan theory.”*%*
membrane with negatively charged pore walls, the sequence
of salt rejection at pH 6.0 is switched. In this case, R(MgCl,) =
12% < R(NaCl) = 52% ~ R(MgSO,) = 46% < R(Na,SO,) =
89% as shown in Figure 4b. Because the membrane charge
switches after covalently binding the sulfonic acid moiety within
the pores, the reversal of the rejection sequence is consistent
with the Donnan theory. Given the results above, which
demonstrate that the charge state of the terminal groups within
the pores determine the trend in ion rejection, we conclude
that the membranes have been functionalized successfully.

? For the sulfonic-acid-functionalized
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3.4. Influence of Solution Properties on the Perform-
ance of Charge-Functionalized Membranes. 3.4.1. Solu-
tion pH. The results above demonstrate the significant role
electrostatic interactions play in the ability of the charge-
functionalized membranes to mediate the transport of electro-
lytes. Therefore, the rejection of ionic solutes is expected to
depend on the properties of the feed solution including ionic
strength and the values of the solution pH. To probe the
influence of solution pH on membrane performance, salt
rejection was measured over a range of acidic and basic
conditions between pH 2.5 and pH 10.5.

The surface charge of the functionalized membranes is
determined by the state of the terminal functional group. In the
case of the sulfonic-acid-functionalized membrane, the terminal
sulfonate group imparts negative surface charge to the
membrane. Because the sulfonate groups are a strong acid
(pK, = —0.6),” they remained deprotonated, and negatively
charged, over the whole pH range evaluated. As such, the
charge density of the membrane did not undergo a dramatic
change, and a constant value for percent rejection is observed
for each ion in Figure 4b. A slight uptick in percent rejection
was observed for MgSO, at pH 10.5, which is likely the result of
its low solubility at this pH causing some precipitation. The
precipitate would be filtered readily based on their relatively
large size.

The terminal amine groups determine the surface charge of
the amine-functionalized membrane. Unlike the sulfonic acid
moieties, the amine moieties are weak electrolytes so their
charge depends on the solution pH. Below the pK, of the amine
(pK, = 10.7),% the membrane is positively charged due to the
protonation of the amine groups bound to the pore walls. This
created a high density of positive charge that resulted in the
effective rejection of cations from solutions at a pH below 9. As
the pH increases, the amine groups deprotonate reducing the
charge density of the membrane. Eventually, above the pK, of
the amine moieties, the membrane possessed essentially no
charge. Figure 4a demonstrates the effect of amine proto-
nation/deprotonation on membrane performance. Around a
pH value of 10, the rejection of all the salts decreased sharply.
The effect is most notable for MgCl, whose percent rejection
fell from 87% to around 30%.

Often, the protonation and deprotonation of weak electro-
lytes fixed to a pore wall result in structural rearrangements that
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reduce the effective pore size of the membrane and decrease
permeability.'>*""*" Water flux and solute rejection experiments
were conducted over the same range of solution pH as the salt
rejection experiments to explore the possibility of structural
rearrangements causing the observed salt rejections. Only the
amine-functionalized membrane was used in these experiments
because the sulfonic acid membrane did not demonstrate a pH
dependent salt rejection. The results of these experiments are
presented in Figure S. Over a range of solution pH from pH 2.5
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Figure S. Solution flux (10 mM NaCl DI water solution, applied
pressure SO psi) and percent rejection of 1.1 kDa poly(ethylene oxide)
(PEO) molecules as a function of pH for hexamethylenediamine
functionalized membrane. Both salt and PEO are dissolved in DI water
and pH altered by the addition of aqueous HCl and NaOH solutions,
as needed. Error bars indicate one standard deviation in measurements
from multiple experiments.

to pH 10.5, there was no significant change in the permeability
of the membrane. In conjunction with the constant rejection
value of the 1.1 kDa PEO molecule, which is neutral, over the
same pH range, this data precludes the possibility of the
solution pH inducing structural changes. Prior studies have
demonstrated that dissolved cations at concentrations above 0.3
M can have a significant effect on the conformation of PEO
molecules. However, the low concentration of acid and base
used here to adjust the solution pH (~1 to 10 mM) should not
affect the conformation, and therefore hydrodynamic size, of
the dissolved PEO molecules.” In conclusion, the combined
results demonstrating tunable electrostatic interactions and
constant steric hindrance over a range of solution pH provide a
strong argument that the pore structure is retained and salt
retention is dominated by the charge of the membrane.

3.4.2. lonic Strength. Because -electrostatic interactions
between the charged membranes and dissolved ions play a
significant role in ion rejection, ion rejection should be sensitive
to solution ionic strength. Figure 6 shows MgCl, rejection as a
function of feed solution concentration for the amine-
functionalized membrane. The feed solution was at pH 2.0.
For feed solutions at low concentrations (0.5 mM, 1 mM),
MgCl, rejection is as high as 96%. Rejection decreases slightly
to 87% for a feed concentration of 10 mM MgCl,. However,
when the ion concentration was increased to 100 mM, the
rejection of Mg®" ions dropped significantly to a value of 36%.
These results suggest that ion rejection is almost complete and
independent of the ionic strength of the feed solution as long as
the Debye length is greater than the pore radius (2.3 nm). The
Debye lengths for the 0.5 mM, 1 mM and 10 mM MgCl, feed
solutions are 7.9, 5.6, and 1.8 nm, respectively.63 At a feed
concentration of 100 mM, the Debye length decreases to 0.56
nm, which is a small fraction of the pore radius and as a result
ion rejection decreases. A similar dependence on ionic strength

19752

100

80

Rejection (%)

imM  10mM 100mM

10mM  0.5mM

Feed Concentration

Figure 6. Ion rejection as a function of the concentration of MgCl, in
the feed solution. for the hexamethylenediamine functionalized
membrane and the parent P(AN-r-OEGMA-r-GMA) membrane
rejection of 10 mM MgCl, solution. The percent rejection was
determined by taking the ratio of the salt concentration in the
permeate to the 10 mM feed. The concentrations of magnesium ions
in the feed and permeate solutions were measured with ICP-OES. The
MgCl, was dissolved in DI water, and the pH of the solution was
adjusted to 2.5 by adding HCI. An applied pressure of 50 psi was used
in the experiments. Error bars indicate one standard deviation in
measurements from multiple experiments.

was found in prior work on charged carbon nanotube
54
membranes.”

4. CONCLUSIONS

The results presented above demonstrate the use of the
amphiphilic copolymer P(AN-r-OEGMA-r-GMA) to fabricate
size-selective filters that can be chemically tailored. The
microphase separation of the PEO side chains produces
membranes with a well-defined pore size of ~5 nm. The high
density of oxirane groups distributed throughout the pores of
the membrane allowed straightforward and rapid modification
schemes to be used to tailor the surface charge of the
membrane. The introduction of charged moieties has a strong
effect on the ability of the P(AN--OEGMA-r-GMA) to reject
dissolved salts, but does not affect the permeability of the
membrane or its ability to selectively filter neutral solutes. As
such, the independent control over structure and chemical
functionality provided by the P(AN-r-OEGMA-r-GMA)
membrane platform will allow for the membrane properties
to be tuned for a number of specifically targeted separations
and nanoscale applications.
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