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A facile approach to prepare crosslinked
polysulfone-based anion exchange membranes
with enhanced alkali resistance and dimensional
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Novel anion exchange membranes with enhanced ion exchange capacity, dimensional stability and alkali
stability were prepared by a facile synthesis method. Internal crosslinking networks in the resulting
membranes were achieved by reacting chloromethylated polysulfone with 4,4’'-trimethylene bis(1-
methylpiperidine) (BMP), where BMP was used as both a quaternization reagent and crosslinker without
requirement of post-functionalization. In order to evaluate the alkali resistance and dimension stability
performance of the resulting membranes, the molar ratio of BMP in the resulting membranes was fixed
at four different contents: 40%, 60%, 80% and 100%. The obtained membranes were accordingly
denoted as CAPSF-N, in which N = 40, 60, 80 and 100, respectively. Due to the dense internal network
structure and spatial conformation of the six-membered rings, the resulting CAPSF-N AEMs showed
enhanced dimensional structures (at 60 °C, the water uptakes and swelling ratios of CAPSF-N were
8.42% to 14.84% and 2.32% to 5.93%, respectively, whereas those for the commercial AEM Neosepta
AMX were 44.23% and 4.22%, respectively). In addition, after soaking in 1 M KOH solution at 60 °C for 15
days, the modified membranes exhibited excellent alkaline stability. The CAPSF-100 membrane showed
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conduction after the alkaline stability test), whereas the non-crosslinked APSF broke into pieces.
Additionally, compared to the commercial Neosepta AMX membrane under the same test conditions,
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1 Introduction

Electrodialysis (ED) is a combination of an electrochemical
process and a dialysis diffusion process. The ED process
exhibits several operational advantages in terms of energy
saving, environmental protection, and simple operation. It has
been widely used in desalination and industrial production.™*
For example, ED has been applied in demineralization of salt
solution, desalination and reuse of sewage or industrial waste-
water, and preparation of acids and bases by bipolar membrane
ED from salt solution. The ion exchange membrane (IEM), as
the core part of the ED, has the function of selecting specific
ions to pass through. Cation exchange membranes (CEMs) and
anion exchange membranes (AEMs) are two major types of IEMs
which depend on the opposite charge of the fixed groups.®
Driven by the external direct current field, anions are induced to
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the desalination efficiency of CAPSF-100 was enhanced, and the energy consumption was lower.

move to the anode by AEMs, and cations are induced to move to
the cathode through cation exchange membranes. According to
the mechanism of the IEMs and their different environments, it
is necessary to adjust the design of the substrate, the functional
group types, and the polymer structures of these membranes.

Recently, the application of AEMs has become widespread,
such as fuel cells,*® selective separation of different anions by
electrodialysis’™® and high pollution environments."*> For
different applications of AEMs, they require high ion exchange
capacity (IEC), low membrane surface resistance (R), low water
uptake (WU), strong dimensional stability, strong physical and
chemical stability, and strong alkali resistance. Theoretically,
a high IEC value means that more active sites can be used for
ion exchange in the membrane structure so as to ensure the full
migration of ions.'>'* However, this will usually lead to exces-
sive swelling of the membrane, and a “trade-off” phenomenon
exists between WU and IEC."* Dimensional stability and IEC are
the key parameters for AEM performance. The existence of this
“trade-off” limits the development of IEMs.

Alkali resistance is another important property that deter-
mines the overall performance of AEMs.»'®'" Inevitably, in
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complex chemical processes, practical applications in industrial
wastewater treatment processes, and even in the process of
membrane cleaning, the chemical environment will be complex
and contain corrosive substances, such as alkaline species.
Therefore, it is required that the membrane is resistant to basic
substances. The lack of a simple and controllable method to
achieve both good alkali stability and high ionic conductivity of
AEMs hinders the widespread application of alkali-resistant
AEMs. Due to the attack of hydroxide ions, the quaternary
ammonium groups of AEMs follow two major degradation
pathways:>*®* (1) Hofmann elimination and (2) nucleophilic
substitution. OH™ attacks the nitrogen atom containing
hydrogen atoms at the B position, and the quaternary ammo-
nium group is eliminated; this is called Hofmann elimination.
An SN, nucleophilic substitution reaction® between OH™ and
the a-position carbon atom of the ammonium group ultimately
produces alcohols and amines; this is called nucleophilic
substitution.

In conventional AEMs, different quaternary ammonium
cations are densely grafted at the active sites of the backbone
(quaternary ammonium AEMs,"?** guanidine AEMs,*"*
quaternary phosphonium AEMs, imidazole AEMs*?); although
AEMs can easily achieve a high IEC, the alkaline stability of this
type of AEM tends to be poor, and Hofmann degradation and
nucleophilic substitution reactions readily occur, leading to
decreased ion exchange groups and even membrane rupture.**®
Zhang et al.*® prepared AEMs with chloromethylated poly-
sulfone and 1-methylimidazole functional groups; although the
AEMs exhibited enhanced overall performance, the quaternary
ammonium groups densely grafted at the backbone afforded
insufficient physical and chemical stability as well as degrada-
tion in alkaline environments.

In order to balance the dimensional stability, ionic conduc-
tivity and alkaline stability of AEMs, many researchers have
focused investigations on this field. Dang et al.” introduced long
flexible hydrophobic side chains with multiple quaternary
ammonium groups which had fewer active sites to a polymer; by
controlling the hydrophobic chain length and the amount of
hydrophilic quaternary ammonium groups, micro-phase sepa-
ration could be achieved.>** With improved alkali resistance,
a certain control of water uptake of the membrane was also
achieved. Yang et al.*® employed 1-(N',N'-dimethylamino)-6,12-
(N,N,N-trimethylammonium) dodecane bromide as a substance
for constructing hyperbranched structures; the ionic conduc-
tivity of the resulting AEMs was improved, while the chemical
stability was enhanced. Guo et al?® used a cluster of alkyl
branches containing three imidazolium cations with six meth-
ylene spacers grafted to fluorenyl poly(aryl ether sulfone) to
form internal nanostructures in AEMs via a novel long flexible
multi-cation spacer that facilitated ion migration (120 ms cm™*
at 80 °C) and provided superior dimensional stability (12.0%, 30
°C). Although the above methods are helpful for improving
dimensional stability, ion conductivity and alkali stability,
complicated preparation processes and high preparation costs
are involved.

Cross-linking is a simple method for preparing improved
dimensionally stable and alkali-resistant AEMs. Particularly,
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cross-linked AEMs with high IEC values can minimize swelling,
increase steric hindrance of degradation in alkaline environ-
ments, and decrease the attack of OH™ on the polymer back-
bone or ion exchange groups, thus improving alkali stability.””**
Cross-linked AEMs can be prepared by various methods, such as
a series of end-linked cross-linked AEMs by “click chemistry”,*
reacting halomethylated polymers with diols, dihalides, and
diamines,****  ring-opening  metathesis
(ROMP),***¢ and thermal cross-linking.*”®

Generally, preparation of cross-linked AEMs requires two
steps, which are quaternization and cross-linking. Some reac-
tions must performed at high temperature and in other compli-
cated environments; these complicated and time-consuming
experimental procedures limit their potential for industrial
application. Jiang et al.*® used 1-methylpyrrolidine as a quaterni-
zation reagent and 4,4-trimethylenedipiperidine (TMDP) as
a crosslinker. The cross-linking agent did not provide any ion
exchange sites and formed a complicated three-dimensional
network structure that improved both the dimensional and
alkali stability of the film; however, the preparation process was
complicated and other factors influenced the stability of the
preparation process and the AEMs, limiting their industrial
application. Komkova et al*' used N,N,N',N'-1,2-tetramethyle-
thylenediamine, N,N,N',N'-tetramethyl-1,4-butanediamine and
N,N,N' ,N'-tetramethyl-1,6-hexanediamine as both quaternization
and cross-linking reagents under mild reaction conditions. In
addition, studies have shown that some n-spiral ring quaternary
ammonium salts have higher alkali stability; this can be attrib-
uted to the spatial conformation limit of the ring, which
increases the energy barriers required for SN, nucleophilic
substitution and Hofmann elimination and thus decreases the
attack from OH™.*°

In view of these observations, this work aims to develop
AEMs with enhanced dimensional stability, ion-exchange
capacity and alkali resistance through a simple procedure.
AEMs were fabricated by constructing an internal cross-linked
network in the polymer backbone. Chloromethylated poly-
sulfone (CAPSF) was selected as the polymer backbone; it has
good physico-chemical stability. CAPSF was synthesized by
avoiding the use of the carcinogenic reagent chloromethyl
ether.” 4,4’-trimethylene bis(1-methylpiperidine) was selected
as the quaternary ammonium and cross-linking agent due to
the symmetric structure and ring conformation of the two
piperidine rings. By controlling the content of 4,4’-trimethylene
bis(1-methylpiperidine) in the casting solution, only one step is
required to form the cross-networking structure with chlor-
omethylated polysulfone at room temperature. The IEC, WU,
swelling ratio (SR), alkali resistance, mechanical strength and
desalination efficiency of the prepared AEMs with several cross-
linking degrees were considered.

polymerization

2 Experimental
2.1 Materials

Polysulfone (M,, ~ 35 000 g mol ") and 4,4"-trimethylene bis(1-
methylpiperidine) (99%) were bought from Sigma-Aldrich,
China. PSF was dried at 80 °C in vacuum before use.

RSC Adv., 2019, 9, 36374-36385 | 36375
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Chloroform (CHCl;), stannic chloride, paraformaldehyde, tri-
methylchlorosilane, sodium chloride, dimethyl sulfoxide
(DMSO), 1-methyl-2-pyrrolidone (NMP), dimethylacetamide
(DMAc) and sodium sulfate were obtained from Aladdin, Co.
Ltd. (Shanghai, China). The reagents purchased were all
analytical reagents and were used directly. Commercial IEMs,
Neosepta AMX and CMX were obtained from Fujifilm, Japan.

2.2 Membrane fabrication

2.2.1 Preparation of chloromethylated polysulfone
(CAPSF). The preparation of CAPSF was carried out according to
the literature.*® Firstly, 10 g polysulfone was added to 500 mL
chloroform in a three-necked flask. Then, paraformaldehyde
(13.56 g), trimethylchlorosilane (57.36 mL) and stannic chloride
(0.53 mL) were added to the flask in turn to form a transparent
solution after sufficient mechanical stirring. After 60 hours of
stirring at 50 °C, the filtered yellow transparent solution was
poured into ethanol to form a white flocculent product, which
was then fully dried in a vacuum oven at 60 °C for 24 hours to
obtain CAPSF.

2.2.2 Synthesis of cross-linked AEMs. We used a solution-
casting method to fabricate AEMs for the experiments. The
cross-linking degree and anion exchange group (piperidine
group) contents were adjusted using different amounts of 4,4'-
trimethylene bis(1-methylpiperidine); the AEMs were named
CAPSF-N (where N represents the molar ratio between the cross-
linker and chloromethyl groups: CAPSF-20, CAPSF-40, CAPSF-60,
CAPSF-80, and CAPSF-100 were obtained, respectively). Taking
the preparation of CAPSF-80 as an example: a transparent casting
solution was obtained by dissolving 0.5 g CAPSF in 7 mL NMP in
a round-bottom flask at room temperature. Then, 0.104 g 4,4’
trimethylene bis(1-methylpiperidine) was added. In order to
avoid gelation, the reaction time should be controlled within one
hour at room temperature. Bubbles were removed under vacuum
at 25 °C. A clean glass plate was prepared, and CAPSF-80 solution
was casted on it. Then, the membranes were dried in a vacuum
oven at 60 °C for 12 h.

2.2.3 Synthesis of AEMs. As shown in Scheme 1, non-
crosslinked APSF casting solution was obtained via dissolving
CAPSF (0.5 g) and 0.195 g trimethylamine (TMA) in 7 mL NMP
and stirring for 24 h at room temperature. Then, bubbles were
removed by allowing the casting solution to stand for 10 minutes.
A clean glass plate was prepared and the APSF solution was
casted. Then, it was dried in a vacuum oven at 60 °C for 12 h.

2.3 Membrane characterization

2.3.1 'H NMR, FTIR spectra. An NMR spectrometer (Bruker
AVANCE 1I11) was used to record the "H NMR spectra, operating
at 500 MHz at 25 °C, using dimethyl sulfoxide-d6 as the solvent.
FTIR spectra of the prepared AEMs were acquired with a Nicolet
6700 spectrometer; the total spectral range of the spectrometer
was 4000 to 400 cm ', and the resolution of the spectrometer
was 2 em™ .

2.3.2 Ion exchange capacity. Potentiometric titration
(Mettler Toledo, T50) was used to measure the IECs of the cross-

linked membranes. Before the tests, the prepared AEMs were
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fully dried and weighed precisely. Then, the AEMs were con-
verted to C1~ form by soaking in 0.5 M NaCl solution for 24 h,
and deionized water was used to clean the surface of the AEMs.
Cl™ ions were released for titration by soaking the membranes
in 0.5 M Na,SO, solution for 24 h. Eqn (1) shows the calculation
method of IEC:

C xV

IEC= ————
Wdry

(1)
where C (mol L") is the molar concentration of Cl~ tested by
potentiometric titration, V (L) is the volume of Na,SO, solution
used to replace Cl™ in the C1™-form AEMs, and W represents the
dry weight of the sample.

2.3.3 Surface area resistance of membranes. As illustrated
in Fig. 1, a home-made device (MEIEMP-I, Hefei Chemjoy Poly-
mer Material Co., Ltd., China) was employed to test the
membrane surface electrical resistance of the prepared AEMs.
0.5 M NaCl solution was fed to soak the AEMs for 30 min, and
a balance was achieved. The electrode cell, dilute cell (DC) and
concentrate cell (CC) were separated by a commercial cation
exchange membrane (CEM, Neosepta CMX). In this device, the
two electrode cells contained 0.3 M Na,SO, solution, and inter-
mediate compartments were filled with 0.5 M NaCl solution. Eqn
(2) shows the calculation of the membrane area resistance:

U - U
o 1

R x S (2)
where U (V) is the voltage of the trans-membrane; U, (V) is the
voltage when the intermediate device has no film (blank
experiment); I (A) is a constant current applied to the device
(0.04 A); and S (cm?) is the effective area of the tested AEMs
(7.065 cm?).

2.3.4 Transport number and limiting current density
(LCD). The transport numbers of the prepared AEMs were
tested in a similar setup to that used during the surface area
resistance tests. Firstly, equilibrium of the prepared AEMs was
reached by soaking in 0.15 M KCI solution. During testing,
0.1 M and 0.2 M KCI solutions were cycled in the intermediate
chambers which are next to the prepared AEMs in the device. A
multimeter (DMM6000 Zhiyuan Electronics Co., Ltd.) was used
to record the voltage (E,,) between the Ag/AgCl reference elec-
trodes. According to eqn (3), ¢ was calculated as

Em_ EO
= ——— 3
3E, (3)

t represents the transport number of the AEM; E, represents the
difference between the potential values (V) of the standard
0.1 M KCI and 0.2 M KCI solutions; and E,, represents the
potential (V) across the membrane.

Current-voltage (C-V) tests were used to obtain the ICD
values of the membranes. A similar device was used to measure
the surface area resistance of the membranes. Current-voltage
curves of the prepared AEMs were obtained by recording the
gradually increased applied current density (from 0 to 60 mA
cm®) and the corresponding voltage change. The intermediate
solution and the electrode solution were fed with 0.5 M NacCl
solution and 0.3 M Na,SO, solution, respectively.

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Preparation of cross-linked CAPSF and APSF membranes.

2.3.5 Water uptake (WU) and swelling ratio (SR). The WU
and SR values of the prepared AEMs were calculated by
measuring the weight and dimension changes. Firstly, the
weights and dimensions of the dried IEM samples were recor-
ded after the AEM samples were fully dried at 60 °C under
vacuum for 24 h. Then, we placed the tested dried AEM samples
in DI water at 25 °C, 35 °C, 50 °C and 60 °C for one day. After
removing residual water on the surface of the samples, we
quickly measured the weights and dimensions of the hydrated
AEMs.

According to eqn (4) and (5), WU and SR were calculated:

Wwet - Wdry ( 4)
Wdry

WU =

Lwet - Ldry
Ldry

SR = (5)

This journal is © The Royal Society of Chemistry 2019

where Wye: () and Wy, (g) represent the mass of the hydrated
and dry AEM, respectively; Lyec (cm) and Ly, (cm) represent the
length of the AEM before and after being hydrated, respectively.

2.3.6 Alkaline stability. The alkaline resistance ability of
the prepared AEMs was measured by soaking the prepared
AEMs in KOH solution (1 mol L™, 60 °C) for 3, 6, 9, 12 and 15
days, respectively. Then, the AEM samples were cleaned with DI
water. The decreased IEC values of the prepared AEMs reflected
the ability of the AEMs to resist alkaline attack.

The OH™ conductivity of the membranes was determined by
an Autolab PGSTAT302N using a 4-probe technique and
frequencies in the range of 1 Hz to 1 MHz. All tested membranes
(4 cm in length, 1 cm in width) were submerged in 1.0 M KOH
aqueous solution and soaked for a day. Before the test, the
tested samples were rinsed thoroughly with DI water, and the
OH"™ conductivity (o) was calculated by the following eqn (6):

RSC Aadv., 2019, 9, 36374-36385 | 36377
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Fig. 1 Schematic diagram of measuring device for surface area
resistance test.

L
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where R is the resistance of the membrane; L is the potential
sensing electrode distance (cm); and w and d denote the width
and thickness of the membrane, respectively.

2.3.7 Electrodialysis (ED) tests. As shown in Fig. 2, the
home-made ED device was assembled with four compart-
ments. In this work, the applied constant current density was
22.94 mA cm?, and the effective membrane area was 19.625
cm?. In the two electrode cells, 0.3 M Na,SO, solution was
cycled, and 0.5 M NaCl solutions were supplied in both the
concentrated/dilute cells. The changes in the conductivity of
the NaCl solution in the concentrated/dilute cells and the
potential of the device were recorded every 10 min. In addi-
tion, the performance in the ED process, such as NaCl
removal ratio, current efficiency and energy consumption,
were assessed and compared; they were calculated using
eqn (7)—(9), below:

(@)

ko DMSO

+@@ CMPSF
CH,CI
29 H,O

g
ok ]

d bac

il

-
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Ro= 2 7)
n=2G — QVF ;WZCO)V’F x 100% 8)
E= J; GV, —UIC0 Voag, ! ©)

where R,, is the desalination rate (%); 6, and 9, are the initial
and final conductivity of the NaCl solution after 2.5 h of the
experiment; n is the current efficiency; C, and C, are the
concentrations of NaCl solution in the CC at time ¢ and 0; Z is
the absolute valence of the ions (Zy," = 1); E (kW h kg™ ") is the
energy consumption; V, and V, are the volumes of the solution
in the CC at times ¢ and 0, respectively; F represents the Faraday
constant (96 485 C mol '); I represent the applied current,
which is 0.45 A; N represents the number of repeating units,
which is 1; U is the voltage over the ED device; and M, is the
relative molecular mass of NaCl, My,(NaCl) = 58.5.

3 Results and discussion
3.1 ‘H NMR and FTIR spectra

The chloromethylation of polysulfones (PSF) and the reaction of
chloromethylated polysulfone and trimethylamine was studied
by NMR spectroscopy. In the 'H NMR spectrum of PSF
(Fig. 2(b)), the signals with chemical displacements of 6.90 to
7.86 ppm can be attributed to the polyhydrogen (H1) on the
phenyl group, while the peaks with chemical displacements of
1.72 ppm can be ascribed to hydrogens (H2, -CH;) on the
methyl group. In contrast, in the CAPSF spectrum (Fig. 2(a)), at
4.56 ppm, a new sharp signal appears; the chemical shift is
ascribed to the hydrogen chloride (H3, -CH,Cl) hydrogen.
These observations confirmed the formation of the -CH,Cl
group in CAPSF. The degree of chloromethylation (DC) of
CAPSF was estimated to be 127% by means of the relative area
ratio of the -CH,Cl and —-CHj; peaks, calculated by the equation
DC = 3Sy3/Su (ref. 41,42) (where S represents the integral area

a bci,ba cdgd c (b)e
OO eor \

(c)
ol B C(?‘;ab, 2 Cd od g
o le} S APSF
Ralogttyttod
f en, g
cr/,
N
AN
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. ' o ) h e
d pbrdC g 1 .

8 7 6 5 4 3 2

Fig. 2 HNMR spectra of CAPSF (a), PSF (b) and APSF (c).
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of the proton peak). In the APSF "H NMR spectrum (Fig. 2(c)), in
contrast with the "H NMR spectrum of CAPSF, a new signal
appears at 2.98 to 3.15 ppm;* this can be attributed to the
successful reaction of TMA and CAPSF.

The insolubility of the prepared CAPSF-N AEMs is due to the
cross-linked reaction between 4,4-trimethylene bis(1-
methylpiperidine) (BMP) and CAPSF; it indicates that a cross-
linked network was successfully formed.*® By comparing the FT-
IR spectra of CAPSF-N and CAPSF, the cross-linked structure
was further confirmed.

The FT-IR spectra of CAPSF and CAPSF-N'**' are shown in
Fig. 3. Because of the hydrophobic nature of CAPSF,* it is
difficult for CAPSF membranes to absorb water from the
external environment. When BMP was successfully introduced,
the CAPSF-N membranes obtained hydrophilic performance
and absorbed external water, which is reflected in the charac-
teristic peak of the stretching vibration of O-H groups at around
3375 cm™'. With increasing content of BMP (from CAPSF-40 to
CAPSF-100), the peak at 3375 cm™ ' becomes sharper, which
indicates the successful quaternization reaction.

3.2 Measurement of cross-linking degree

Measuring solubility is a facile way to assess the crosslinked
structures inside membranes.**** As shown in Table 1, the
prepared cross-linked AEMs (CAPSF-N) exhibited high mass
retention ratios over 80%; also, they dissolved only slightly in
NMP, DMAc, DMSO, and CHCI; after 7 days, suggesting their
non-extractable nature. The three-dimensional network struc-
tures constructed inside the AEMs endow them with excellent
solvent resistance ability. Conversely, the CAPSF membrane
exhibited excellent solubility in these solvents and completely
dissolved in the solutions.

3.3 Physico-chemical properties of different AEMs

As illustrated in Table 2, the prepared AEMs had similar
thicknesses (53 to 61 pum) under the same environmental

O-H

CH,-CI  C-CI

— CAPSF
—— CAPSF-40 —— CAPSF-6(
—— CAPSF-80 —— CAPSF-100

L 2 N " L

1 1 1 1 1 1
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig. 3 FT-IR spectra of CAPSF & CAPSF-N membranes.
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Table 1 Solubility properties of prepared cross-linked membranes
and mass retention of each membrane after being soaked in NMP/
DMAc/DMSO/CHCls at 25 °C for 7 days

Organic solvents

Membrane NMP DMAC DMSO CHCl;
CMPSF 0 0 0 0

CAPSF-40 88.3% 86.7% 80.6% 89.7%
CAPSF-60 95.1% 85.6% 94.9% 97.1%
CAPSF-80 94.5% 91.6% 95.7% 96.1%
CAPSF-100 99.2% 96.9% 98.9% 96.8%

conditions. Thus, we can easily compare the possible variation
of other physico-chemical membrane properties as a result of
the proposed modifications. BMP was used as both a cross-
linker and quaternary ammonium reagent. As the cross-linked
degree increases, the IEC shows a consistent upward trend
because of the increasing number of ion exchange groups, and
the experimental IEC value approaches the theoretical value.

As shown in Fig. 4(a) and (b), the water uptake (WU) is at a low
level (8.42% to 14.84%); the enhanced IEC endows the CAPSF-N
AEMs with higher WU. Usually, excessive membrane swelling can
be effectively suppressed by reinforcing the crosslinked network.
In this experiment, the effect of the water absorption ability
provided by IEC is probably slightly stronger than the water
resistance ability that the internal crosslinked structure provides.
Tighter networks and enhanced interactions between adjacent
polymer segments increased the resistance of water molecules to
entering the cross-linked CAPSF-N AEMs. SR shows the positive
correlation of this trend with the water content; with increasing
cross-linking degree, the LER increases.

With increasing IEC value, the surface area resistance of the
cross-linked AEMs decreases remarkably from 16.31 to 2.41 Q
cm”. This phenomenon arises due to the conductive ion
exchange groups produced by the reaction between the BMP
groups and the chloromethylated polysulfone backbone. In the
same test conditions, the membrane surface area resistance of
the CAPSF-100 membrane (2.41 Q cm®) was lower than that of
a commercial membrane (Neosepta AMX, 2.51 Q c¢m?). The
transport numbers of the cross-linked CAPSF-N AEMs show an
increasing trend from 0.91 to 0.98 with N from 40 to 100. The
high transport number of CAPSF-100 (0.98) represents higher
perm-selectivity, which is caused by its higher IEC as well as its
denser interior network. Due to its lower membrane surface
area resistance and high transport number, CAPSF-100 is more
suitable for practical application in desalination.

3.4 Mechanical properties

Table 3 illustrates the mechanical properties of the cross-
linked AEMs (CAPSF-N) and APSF AEM. Eb and Ts are signif-
icant factors in the mechanical properties of membranes. The
cross-linked CAPSF AEMs show an incremental trend of tensile
strength (Ts) from 20.4 MPa to 26.4 MPa. Conversely, the
elongation at break (Eb) apparently decreases, from 120.1% to
47.8%; this suggests that the cross-linked network provided

RSC Adv., 2019, 9, 36374-36385 | 36379
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Table 2 The physico-chemical properties of the various as-prepared AEMs and commercial Neosepta AMX

Thickness Transport
Membrane IEC* mmol g~ * IEC” mmol g™* pm WU % LER? % AR® Q cm? number
CAPSF-40 0.79 0.68 53 8.42 1.42 16.31 0.91
CAPSF-60 1.13 1.08 57 9.51 1.53 4.23 0.93
CAPSF-80 1.44 1.34 55 10.63 2.25 3.74 0.96
CAPSF-100 1.73 1.49 56 12.36 2.75 2.41 0.98
APSF 1.56 1.47 61 14.84 6.76 3.32 0.96
Neosepta AMX — 2.16 115 44.23 4.22 2.51 0.98

¢ IEC, calculated values (DC is 1.27). b IEC, experimental values by potential titration. © WU, water uptake. 4 LER, linear expansion ratio. ° AR, area

resistance.

compact and stiff internal structures. Generally, the cross-
linked CAPSF-100 AEM shows a mechanical strength of
26.4 MPa and an elongation at break of 47.8%. This behavior is
due to the favorable balance obtained between high IEC and
good mechanical properties. The excellent mechanical
stability of the prepared AEMs suggests that they are feasible
to use in ED processes.

3.5 Alkaline stability

It is critical for AEMs to have long-term alkali stability in
alkaline environments. The degradation resistance that
affects the alkaline stability of AEMs in some complicated
operational environments is mainly provided by the func-
tional groups and the polymer backbone. At high tempera-
tures, strongly electrophilic functional groups are more likely
to be attacked by OH.>*° Thus, the IEC retention ratios and
conductivity retention ratios of the cross-linked AEMs
(CAPSF-N) and APSF membrane sample were tested to eval-
uate their alkaline stability by calculating the ratio of IEC and
the conductivity of the tested AEMs before and after being
soaked in 1 M KOH at 60 °C for 15 days.

As illustrated in Fig. 5(a), during the stability test, the
CAPSF-N AEMs show high alkaline stability; this is confirmed
by the slight decreases of their IEC values. It is worth noting
that the non-crosslinked APSF membrane showed poor alkali
resistance ability; after immersion in 1 M KOH for 3 days, it

()
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Table 3 The tensile strengths and elongations at break of the
prepared AEMs and Neosepta AMX

Property  CAPSF-40  CAPSF-60  CAPSF-80  CAPSF-100  APSF
Ts/MPa 20.4 22.1 21.0 26.4 14.3
Eb/% 120.1 84.8 60.6 47.8 173.5

started to break into pieces, rendering it useless for further
tests. Comparatively, after an initial sharp drop stage, the ion
conductivities of the CAPSF-N AEMs exhibited a nearly
constant trend. After 15 days, over 70% IRR of the cross-
linked CAPSF-N AEMs were retained, and as result of the
cross-linked degree increase, the IRR increased. For example,
the IRR of CAPSF-100 reached nearly 86%, while CAPSF-40
only retained 72% of its original IEC after the test. As illus-
trated in Fig. 5(b), the corresponding conductivity retention
ratios show an almost consistent trend with the IEC retention
ratios, as we predicted.

Because of the attack of OH™ anions, the brittle and
fragile performance of the non-crosslinked AEM (APSF) is
mainly due to the interaction of nucleophilic substitution
and the Hofmann degradation mechanism;*” the stable
polymer system was broken, resulting in reduction of the ion
exchange groups and electrochemical oxidative stress.

25

—e— APSF
—e— CAPSF-40
20 - —a— CAPSF-60
—a— CAPSF-80
—v— CAPSF-100

(b)

10 +

Swelling ratio (%)

Temperature (°C)

(@) WU (b) SR of CAPSF-N and APSF membranes at different temperatures.
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Although the polysulfone backbone is relatively inexpensive,
it has been reported that it shows unstable performance in
alkaline environments and is subject to hydrolytic cleavage
of the quaternary groups due to the existence of aryl-ether
bands in the polysulfone ammonium groups;*® the added
BMP readily alleviated this phenomenon, even in 1 M KOH at
60 °C for up to 16 days. On one hand, the densely crosslinked
structure inside CMPSF-N increased the energy barriers of
the Hofmann elimination and nucleophilic substitution
reactions. On another hand, the limitation of the spatial
conformation of the six-member ring increases the transi-
tion state energy of the substitution reaction and the elimi-
nation reaction.*’

3.6 Limiting current density (LCD) and desalination
performance

LCD is also a key parameter for electrodialysis. When the
operating current density approaches or exceeds the critical
state, the concentration polarization phenomenon will
occur. At this time, the electrolyte ion concentration on the
membrane surface of the desalting chamber is much lower
than that of the main solution, and the ion content on the
membrane surface of the concentration chamber is much
higher than in the main solution; this results in great
hazards, such as significantly increased membrane resis-
tance, decreased salt rejection rate, and decreased current
efficiency. Therefore, the operating current density must be
controlled at an appropriate level. C-V curves were used to
investigate the limiting current density during the desali-
nation process. Generally, three typical characteristic
regions, (1) the ohmic region, (2) the limiting current region,
and (3) the over-limiting region, are displayed in the C-V
curves.>®t

The cross-linked membranes were tested and, as expected,
showed better electrodialysis performance (CAPSF-100, CAPAF-
80) compared with APSF and the commercial AEM (Neosepta
AMX). As shown in Fig. 6(a), the LCD values of all the membranes
are higher than the applied current density (22.94 mA cm ™ ?),
which guarantees the normal migration of ions, avoids hydrolysis

This journal is © The Royal Society of Chemistry 2019
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(a) IEC retention ratios and (b) conductivity retention ratios of the tested AEMs, immersion in 1 M KOH at 60 °C for 15 days, respectively.

and leads to additional current consumption for transport of
OH . The LCD of CAPSF-100 is higher than that of the
commercial AEM (Neosepta AMX); CAPSF-100 can be feasibly
operated at higher current densities with a low area resistance as
well as a high LCD.

After a continuous-mode ED test, the change in conductivity
of the NaCl solution in the DC and CC and the potential over the
device during the test were recorded. As illustrated in Fig. 6(c),
the conductivity decreased in the dilute chamber and increased
in the concentrate chamber; this is ordinary behavior for ion
transport through an ion exchange membrane driven by an
electric field. Accordingly, as shown in Fig. 6(b), the potential
over the stack with different AEMs increased continuously until
the maximum power was reached, due to the decreased number
of available ions for migration.

The cross-linked CAPSF-100 showed better desalination
performance than commercial AEM (Neosepta AMX) for the
150 min ED test. As shown in Fig. 7(a) and (b), the NaCl
removal ratio and current efficiency of cross-linked CAPSF-
100 after a 2.5 h ED test were the highest (around 96.7%,
82.3% calculated) among the testing samples. Usually, the
IEC, WU, and polymer structure play important roles in the
ED performance. The collective effects of high LCD and good
dimensional stability may lead to good desalination perfor-
mance and high current efficiency of the CAPSF-100 AEM.
The high dimensional stability of the CAPSF-100 AEM is ex-
pected to ensure good mechanical stability and can help
maintain a stable desalination process throughout the elec-
trodialysis process. On the other hand, the concentration
polarization generated by the electrodialysis process also
affects the transport and conduction of conductive ions at
the interface and inside of the membrane. The low energy
consumption can be ascribed to the suitable water uptake
and low area resistance. Additionally, the energy consump-
tion of the cross-linked CMPSF-100 AEM (10.34 kW h per kg
NaCl) is lower than that of the commercial membrane
(Neosepta, AMX, 11.03 kW h per kg NaCl) due to its low
membrane area resistance. Overall, the above properties of
the CAPSF-100 AEM show promising potential in ED
applications.
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4 Conclusions

A series of cross-linked anion exchange membranes (CAPSF-N)
were synthesized by a facile method at room temperature. 4,4’
trimethylene bis(1-methylpiperidine) was used as both the
quaternization reagent and crosslinker, and good dimensional
stability and alkali resistance were obtained. Even at 60 °C,
CAPSF-100 showed strikingly suppressed water uptake (15.6%)
and swelling ratio (5.2%). A test of the alkaline stability of
CAPSF-N with 1 M KOH at 60 °C exhibited slight degradation;
especially, CAPSF-100 maintained 85% IEC and 84% ion
conductivity and showed good alkali stability. In ED tests, the
preferred CAPSF-100 membrane exhibits excellent desalination
performance and low energy consumption with proper water
uptake, low area resistance and high migration rate; its

36382 | RSC Adv., 2019, 9, 36374-36385
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(a) NaCl removal ratio, (b) current efficiency and energy consumption after 2.5 h in ED.

performance was better than that of commercial Neosepta AMX
in the same test conditions. These results suggest that the
CAPSF-100 membrane has potential to be applied in ED and
meets the needs of alkaline environmental applications.
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