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lfonated poly(ether ether ketone)
as a cation exchange membrane for electrodialysis
in acid recovery

Liang Wang, *a Minghui Liu,ab Junhua Zhao,c Yinlin Lei*c and Nanwen Li *b

To produce a cation exchange membrane (CEM) with high permselectivity and proton flux for

electrodialysis (ED), a series of comb-shaped sulfonated poly(ether ether ketone) (SPEEK) membranes

with long alkyl (butyl and octyl) side chains were synthesized using 1,10-carbonyldiimidazole (CDI) as an

activating reagent. The degree of substitution can be easily controlled by controlling the added amounts

of CDI and reagents. The chemical structures were confirmed using a 1H NMR technique. Transparent

and tough membranes were prepared by solution casting. A well-defined hydrophilic–hydrophobic

separation was achieved, as confirmed by small-angle X-ray scattering (SAXS). The comb-shaped

membranes with the well-defined hydrophilic–hydrophobic separation effectively allow the transport of

H+, so higher H+
flux is achieved in the ED process with the comb-shaped SPEEK membranes than that

obtained with the SPEEK membrane despite the higher membrane resistance resulting from the lower

ion-exchange capacity and lower water uptake. Interestingly, the lower swelling ratio of the comb-

shaped membranes can block Fe2+ transport through the membranes. Thus, the comb-shaped

membranes show much higher H+/Fe2+ permselectivity than the pristine SPEEK membrane. The highest

H+
flux of 2.41 � 10�7 mol cm�2 s�1 and H+/Fe2+ permselectivity of 32.13 are achieved for the SPEEK

membrane with 30% substitution by octyl side chains. The performance is comparable with and even

better than that of a commercial monovalent CEM from ASTOM. Considering the excellent thermal

stability and mechanical properties, the comb-shaped SPEEK membranes are promising CEM materials

for ED in acid recovery.
Introduction

Wastewater treatment has become a worldwide problem with
the development of industrialization. During industrial
processes such as smelting, electroplating, mining, and metal
surface treatment, inorganic acids are needed for metal surface
cleaning or metal leaching, which generates a lot of waste acid
containing metal ions, such as Fe2+, Zn2+, and Cu2+.1–4 If the
wastewater from acid washing is directly discharged into the
environment without treatment, it causes serious environ-
mental problems, such as water and soil pollution.5–8 Waste
acid recovery and treatment methods mainly include electro-
dialysis (ED),9,10 diffusion dialysis,11,12 neutralization oxida-
tion,13 and distillation concentration.14 Diffusion dialysis is
a separation process where the concentration difference is the
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driving force for waste acid recovery, but the concentration of
acid recovered and the efficiency of waste acid recovery are not
sufficiently high. Therefore, a direct current (DC) electric eld is
used as the driving force to recover and treat the wastewater
from acid washing, that is, ED.15,16 Compared with other tradi-
tional treatment methods, industrial effluent treatment by ED is
a reasonable choice considering its environmental friendliness,
non-polluting nature, and high recovery efficiency.17 At present,
many studies have shown that the cation exchange membrane
(CEM) is the key component of ED in acid recovery owing to its
high separation efficiency.18,19 However, the biggest challenge in
the waste acid recovery ED process is how to obtain a CEM with
both high proton permeability and high permselectivity.20,21

CEMs prepared from sulfonated polystyrene typically exhibit
low permselectivity and thus fail to meet the requirements of
the ED separation process in acid recovery.22 Generally,
improvement of the permselectivity can be achieved by
increasing the proton permeability and decreasing the metal
ion permeability during the ED process. The key to proton
transport in CEMs is believed to be nanochannels that contain
sulfonic acid groups, through which hydrated protons can
efficiently pass.23 Several approaches to form CEM nano-
channels for fuel cell applications have been investigated to
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Synthesis of 4C-x and 8C-x comb-shaped SPEEK.
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improve proton transport, such as changing the acidity and
position of the sulfonic acid groups and controlling the
membrane morphology by forming block copolymer architec-
tures.23,24 However, these strategies are not used to prepare
CEMs for ED applications owing to the complicated synthesis
process and thus high cost. Researchers have focused on
blocking metal ions to increase the CEM permeability during
the ED process. For example, Sata and co-workers25–27 prepared
a series of acid–base complex CEMs based on Naon and pol-
ypyrrole in which the dense layer can increase the monovalent/
divalent cation selectivity of the membrane. Ge et al.28 reported
that membranes containing H+ transfer channels constructed
with acid–base pairs can be used for treatment of zinc hydro-
metallurgy effluents. Methods involving narrowing the pore size
of the membrane by chemical crosslinking,29 using the Donnan
exclusion effect,30 and blocking multicharge metal ions by
introducing blockers31 have also been developed to reduce the
multivalent ion ux. However, these approaches only have
limited success and generally lead to reduction of the proton or
monovalent cation permeability.

Generally, the proton transport in PEMs is of great impor-
tance for their application in electrochemical devices, such as
fuel cells, water electrolyzers, and ow batteries, as well as
electrodialysis in water treatment. The formation of ion-
conducting nanochannels in membranes can greatly increase
the ionic conductivity of PEMs, leading to the improved
performance of the above electrochemical devices.32,33 Many
possible strategies for obtaining well-dened nanochannel
morphologies in membranes have been proposed, such as
rational design of block or comb-shaped polymer architectures.
Based on the previous reports,34,35 the proton transport prop-
erties of comb-shaped PEMs can be readily tuned by adjusting
the length and density of graed chains as well as the nature of
graed chains. Recently, Lin et al.36 synthesized a series of
comb-shaped sulfonated poly(ether ether ketone) (SPEEK)
membranes by RAFT polymerization of sodium p-styrenesulfo-
nate. Thus, the hydrophobic side chains (sodium poly-
styrenesulfonate) were graed onto the PEEK polymer
backbones. The H+ permeability of the obtained comb-shaped
PEMs was measured under different current densities, which
was much higher than that of the control sample (SPEEK).
However, the synthetic procedure of these comb-shaped PEMs
is complicated, which includes multi-step reactions and tedious
purication. More importantly, the permselectivity of these
comb-shaped PEMs in acid recovery was not investigated.

Herein, comb-shaped SPEEK membranes were designed and
prepared using the 1,10-carbonyldiimidazole (CDI)-catalysed
sulfonamide formation reaction. It has been reported that the
comb-shaped architecture with long alkyl chains can induce
hydrophilic–hydrophobic separation in the anion exchange
membrane (AEM).37,38 Therefore, the comb-shaped architecture
of SPEEK is expected to produce hydrophilic–hydrophobic
separation, and thus enhance proton transport for ED appli-
cation in acid recovery without sacricing the permselectivity. A
detailed investigation of the properties of comb-shaped SPEEK
membranes with different alkyl side chain lengths was per-
formed. Their water uptake (WU), swelling ratios (SR), proton
This journal is © The Royal Society of Chemistry 2018
permeability, and microphase-separated structures were deter-
mined and compared with those of pristine SPEEK and
commercial CEMs.

Experimental
Materials

Anion exchange membranes (AEMs) were acquired from
Liaoning Yi Chen Membrane Technology Co., Ltd (Liaoning,
China) and the commercial membranes used in the electrodi-
alysis experiments were CIMS (ASTOM Co., Japan). PEEK (450 P,
MW ¼ 28 800 g mol�1) was obtained from Sigma Aldrich. 1,10-
Carbonyldiimidazole (CDI), butyl amine and octyl amine were
purchased from Energy Chemical (Shanghai, China). Dimethyl
sulfoxide (DMSO), ferrous sulfate heptahydrate (FeSO4$7H2O)
and other chemical reagents were obtained from Sinopharm
Chemical Reagent Co., Ltd. They were of analytical grade and
used without further purication.

Synthesis of SPEEK

20 g PEEK particles were gradually added to 400 mL concen-
trated sulfuric acid with vigorous mechanical stirring in a three-
neck ask. Aer the complete dissolution of the PEEK particles,
the reaction mixture was heated at 50 �C for 5 h. Aer the
reaction was completed, the polymer solution was then cooled
in an ice water bath to terminate the reaction and the
sulfonated polymer was recovered by pouring the polymer
solution into a large excess of ice water. The polymer was
repeatedly washed with deionized water until the pH was
neutral and dried under vacuum at 80 �C for 24 h. Finally, we
obtained the yellow SPEEK polymer. The degree of sulfonation
was determined to be 64% from 1H NMR spectra.

Synthesis of butyl amine-SPEEK (4C-x-SPEEK) and octyl
amine-SPEEK (8C-x-SPEEK)

Here, we will describe the process for preparation of 4C-30-
SPEEK. The procedure for synthesis of 8C-x-SPEEK was the
same as that for 4C-x-SPEEK except that octyl amine was used
rather than butyl amine, as shown in Scheme 1. SPEEK (2 g,
3.78 mmol for –SO3H groups) was dissolved in 20 mL DMSO,
and CDI (0.34 g, 2.08 mmol, with respect to the –SO3H groups of
SPEEK) was added at room temperature. The reaction initially
produced CO2. The solution was allowed to reux at 60 �C for
J. Mater. Chem. A, 2018, 6, 22940–22950 | 22941
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3 h with stirring and then butyl amine (0.175 mL, 1.77 mmol)
was added. Aer further reaction at 60 �C for 3 h, the polymer
solution was cooled to ambient temperature and poured into
diethyl ether with a small amount of methanol. The product was
ltered and washed several times with deionized water and the
4C-SPEEK polymer was dried in a vacuum oven at 80 �C for 24 h.
Preparation of the ion exchange membranes

4C-SPEEK or 8C-SPEEK was dissolved in DMSO (8 wt%), and the
solution was cast on a clean glass plate at 80 �C for 12 h.
Immediately, the glass plate was then immersed into deionized
water and the membrane automatically peeled off from the
glass plate. According to the degree of substitution of butyl
amine and octyl amine, the membranes were labeled 4C-10, 4C-
20, 4C-30, 8C-10, 8C-20 and 8C-30, respectively. Before all the
tests, the membranes were immersed in 0.5 M H2SO4 at room
temperature for one day and then repeatedly washed with
deionized water.
Membrane characterization

The 1H NMR spectra were recorded with a Bruker AVANCE
400 instrument (400 MHz) using DMSO-d6 as the solvent. The
tensile property measurements were carried out with an
INSTRON-5869 material testing instrument at ambient
temperature with a uniform speed of 5 mm min�1. Aer the
measurements were completed, the tensile strength, Young's
modulus and elongation at break values were recorded.
Small-angle X-ray scattering (SAXS) of the dry membranes was
performed with a SAXS Nanostart instrument (Bruker Co.,
USA) equipped with a CuKa slit-collimated X-ray source
operating at 40 kV and 50 mA. The thermal stabilities of
the modied membranes were measured by thermogravi-
metric analysis (TGA) under a nitrogen atmosphere with
a TG-DTASDT Q600 analyser at a heating rate of 10 �C min�1.
Before all the measurements, the membranes were cut
into 1 cm � 4 cm pieces and dried in a vacuum at 60 �C
for 12 h.
Fig. 1 Schematic principle of electrodialysis.
Water uptake, swelling ratio and IEC

Water uptake (WU) was measured to investigate the membrane
hydrophilicity. Before the test, the membrane sample was cut
into a 1 cm � 3 cm piece and immersed in deionized water at
25 �C for 24 h. Aerwards, the water on the surface was mopped
up with tissue paper and the sample was weighed in the wet
state (Wwet); the dry weight of the membrane (Wdry) was deter-
mined aer drying the membrane under vacuum at 60 �C for
24 h. Water uptake could be calculated as follows:

WU ¼ Wwet �Wdry

Wdry

� 100%

The swelling ratio of the membrane was measured using the
difference in length between the dry (Ldry) and wet (Lwet)
membrane, which was calculated based on the following
equation:
22942 | J. Mater. Chem. A, 2018, 6, 22940–22950
SR ¼ Lwet � Ldry

Ldry

� 100%

Ion exchange capacity (IEC) values of the membranes were
determined by back titration and 1H NMR analysis according to
a previously reported method.39 A weighed piece of membrane
was immersed in a 0.1 M NaCl aqueous solution for 24 h to
replace H+ with Na+. The HCl released by the ion exchange was
titrated with a standard 0.01 M NaOH solution using phenol-
phthalein as an indicator. Moreover, the IEC values were further
conrmed using 1H NMR spectra, as shown in Fig. 3. The IEC
was expressed as the milliequivalents (meq.) of (–SO3H)/g of the
dry polymer and obtained using the following equation:

IEC ¼ VNaOH � CNaOH

m

Proton conductivity measurements

The proton conductivity (s, S cm�1) of each membrane coupon
(size: 1 cm � 4 cm) was obtained using s ¼ d/LsWsR (d is the
distance between reference electrodes, and Ls and Ws are the
thickness and width of the membrane, respectively). The
resistance value (R) was measured over the frequency range
from 100 mHz to 100 kHz by four-point probe alternating
current (ac) impedance spectroscopy using an electrode system
connected to an impedance/gain-phase analyzer (Solartron
1260) and an electrochemical interface (Solartron 1287, Farn-
borough Hampshire, ONR, UK). The membranes were sand-
wiched between two pairs of gold-plated electrodes. The
conductivity measurements under completely hydrated condi-
tions were carried out with the cell immersed in liquid water.
The impedance of each sample was measured at least three
times to ensure reproducibility of the data.

Electrodialysis tests

All the electrodialysis tests were carried out in a H+/Fe2+ system
to measure the ion ux and permselectivity. As shown in Fig. 1,
the electrodialysis installation consisted of four compartments
(an anode cell, a cathode cell, a concentrated cell and a diluted
cell) separated by two pieces of anion exchange membranes and
one piece of the 4C-x or 8C-x membrane. The diluted cell was
This journal is © The Royal Society of Chemistry 2018
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lled with 40 mL of 0.5 mol L�1 FeSO4 in 0.25 mol L�1 H2SO4,
and the concentrated cell was lled with 20 mL of 0.3 mol L�1

Na2SO4. The electrode cells were lled with 40mL of 0.3 mol L�1

Na2SO4. The effective area of the membrane between the two
electrodes was 4.90 cm2, and the electrodes were made of tita-
nium coated with ruthenium. A certain current density was
applied to the system and electrodialysis was performed for 1 h.
The solution of the concentrated cell was then collected and the
concentration of H+ and Fe2+ was determined by conventional
titration. In order to reduce the error caused by the operation,
three electrodialysis tests for each membrane were performed
in parallel, and the average values have been shown.

The H+ and Fe2+ ion uxes in the concentrated cell aer
electrodialysis could be calculated as follows:

JHþ ¼ DCHþV

Amt

JFe2þ ¼ DCFe2þV

Amt

where J+H and J2+Fe are the H+ and Fe2+ ion uxes aer electrodi-
alysis in mol cm�2 s�1, and DC+

H and DC2+
Fe are the H+ and Fe2+

concentration in the concentrated cell, respectively. V is the
volume of the solution in the concentrated cell and Am is the
effective area of the membrane, which was 4.9 cm2.

The permselectivity for H+/Fe2+ in this study was simply
calculated as the ratio of ion uxes between H+ and Fe2+ because
the initial concentrations of the two ions were the same in the
diluted cell.40,41
Current–voltage (I–V) curves

Current–voltage curves were measured using a four-
compartment installation (an anode cell, a cathode cell and
two test cells) and a direct current which gradually increased
was applied to the system. In this system, 0.3 M Na2SO4 and
0.5 M H2SO4 were used as the electrolyte solution and test
solution, respectively (Fig. 2). The effective area of the
membrane was 7.07 cm2 and the electrodes were made of tita-
nium coated with ruthenium. At the same time, a pair of
Fig. 2 Schematic principle of current–voltage curve measurement.

This journal is © The Royal Society of Chemistry 2018
Ag–AgCl electrodes was used to connect the voltage ammeter,
provide current and measure the voltage. To eliminate the
possible effect of the electrode reactions on the experimental
results, a blank test without the membrane arranged between
the pair of electrodes in the test solution was carried out.28,42,43

All the membrane samples were tested in triplicate and the
average values have been shown in discussion.
Results and discussion
Synthesis and characterization of the polymer

Generally, CDI is used as an activating agent for the reaction
between sulfonic acid groups and primary amine reagents.
Thus, this typical reaction has been developed for the quanti-
tative post-modication of the sulfonated polymer.44,45 The
SPEEK polymer has been prepared according to previous
reports and has a degree of sulfonation of 64% which was
conrmed by the 1H NMR technique (Fig. 3(a)). As shown in
Scheme 1, rstly, SPEEK reacted with CDI to form sulphona-
mide, and then n-butyl amine or n-octyl amine attached to
produce the functionalized SPEEK copolymers 4C-x or 8C-x,
respectively (where x is the degree of substitution of the alkyl
side chains). The degree of substitution of the polymer was
controlled using the amount of CDI reagent added. However,
the highest degree of substitution that can be achieved is 50%
according to the reaction mechanism.

The chemical structures of 4C-x and 8C-x were determined
using 1H NMR spectra. The 1H NMR spectra are shown in
Fig. 3(b); the appearance of new peaks corresponding to the
methylene protons of 4C-x and 8C-x in the range of 1.30–
2.75 ppm and the methyl proton peak at 0.83 ppm indicate
successful formation of the comb-shaped sulfonamide alkyl
chain. The degrees of substitution were further determined
using the integral ratios between the methyl groups and
aromatic protons (H10) which are close to the sulfonic acid
groups. These values range from 10–30%which agrees well with
the theoretical values. Moreover, the 4C-x and 8C-x exhibited
excellent solubility in DMSO, NMP and DMF. The transparent
and tough membranes were obtained by solution casting of
their DMSO solution on glass plates, as shown in Fig. 4.
Mechanical properties and thermal stability

The mechanical properties of all the membranes were
measured in dry and wet states at room temperature, and the
results are listed in Table 1. Interestingly, the comb-shaped 4C-x
and 8C-x membranes exhibited mechanical properties with
a tensile strength of 65.9–94.2 MPa and a Young's modulus of
836–1380 MPa in dry state. These values were much higher than
that of the pristine SPEEK membrane (tensile strength of
60.6 MPa and Young's modulus of 668 MPa). It is assumed that
the hydrophobic alkyl chains in the comb-shaped architecture
would restrict the water absorption of membranes (which will
be shown below) and thus decrease the plasticizing effect of
water on the mechanical strength of the resulting 4C-x and 8C-x
membranes. Additionally, the elongation at break of comb-
shaped 4C-x and 8C-x membranes in the range of 51–110%
J. Mater. Chem. A, 2018, 6, 22940–22950 | 22943
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Fig. 3 1H NMR spectra of the SPEEK, 4C-SPEEK, and 8C-SPEEK in DMSO-d6.

Fig. 4 Optical photographs of the pristine SPEEK, 4C-30 and 8C-30
membranes.

Table 1 Mechanical properties of membranes at room temperature

Membrane

Tensile
strength (MPa)

Young's
modulus (MPa)

Elongation at
break (%)

Drya Wetb Drya Wetb Drya Wetb

SPEEK 60.6 40.3 668 585 130 168
4C-10 72.9 53.7 906 827 88 117
4C-20 85.5 65.6 1130 1039 60 90
4C-30 94.2 70.6 1380 1185 51 77
8C-10 65.9 46.8 836 733 110 133
8C-20 74.1 57.4 994 906 80 101
8C-30 80.8 64.3 1173 1050 62 95

a At 40% RH. b At 100% RH.

Fig. 5 TGA curves of the SPEEK, 4C-30 and 8C-30.
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decreased with the increase of degree of substitution. Moreover,
when the membranes were tested in wet condition, the tensile
strength and Young's modulus of wet membranes were
reduced, while the elongation at break was increased compared
to that of dry samples. Thus, the mechanical strength of the
obtained comb-shaped membranes is sufficient for their
application in electrodialysis.
22944 | J. Mater. Chem. A, 2018, 6, 22940–22950
The thermal stabilities of the membranes were measured by
TGA from 50 to 800 �C under a N2 atmosphere. As shown in
Fig. 5, the initial degradation stage observed at around 300–
400 �C was associated with the thermal degradation of the
sulfonic acid groups.45 The second degradation stage starting at
above 450 �C corresponds to the degradation of the alkyl side
chains and polymer main chains. The results indicated that the
comb-shaped membranes will maintain their excellent thermal
stability for electrodialysis in acid recovery.
Morphological structure

Small-angle X-ray scattering (SAXS) was performed to charac-
terize the morphological structure of the comb-shaped
membranes. Generally, the characteristic ion-rich domain that
contributed to the micro-phase separation in membranes can
be observed from the appearance of the q peak in SAXS
results.46–48 As shown in Fig. 6, the 4C-30 and 8C-30 membranes
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 SAXS profiles of the SPEEK, 4C-30 and 8C-30.
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showed the ionomer peaks at �3 nm�1. However, there are no
obvious peaks in the SAXS results for the pristine SPEEK
membrane. This result indicated that the hydrophobic alkyl
chains induced the formation of hydrophilic–hydrophobic
phase separation in the comb-shaped membranes, as shown in
our previous studies.46,49 The ionomer peaks are located at q ¼
2.8 nm�1 and 3.2 nm�1 for the 4C-30 and 8C-30 membranes,
respectively. Thus, the characteristic separation length scale
values (d) calculated using the equation d ¼ 2p/q are 2.2 and
1.9 nm for the 4C-30 and 8C-30 membranes, respectively. With
increasing length of the alkyl side chain, the micro-phase
separation becomes more obvious because of the stronger
hydrophobicity.

Water uptake (WU) and swelling ratio (SR) of membranes

Reasonable water uptake is benecial for ion transport in
CEMs; however, excessive water uptake will cause excessive
swelling of the membrane and thus result in degradation of the
mechanical properties.50 Therefore, the comb-shaped architec-
ture was developed in this study to enhance the ion transport
without degradation of the mechanical properties, e.g. lower
water uptake and swelling ratio. The water uptake and swelling
ratio values of the 4C-x and 8C-x comb-shaped membranes were
measured and compared with those of the pristine SPEEK
Table 2 The IEC, water uptake, swelling ratio and proton conductivity o

Membrane

IECW (meq. g�1)
IECV

c

(meq. cm�3)
Water u
(%)Calcda Exptb

SPEEK-64 2.08 1.98 1.59 30.8
4C-10 1.88 1.74 1.48 28.4
4C-20 1.72 1.60 1.41 23.8
4C-30 1.57 1.47 1.35 17.3
8C-10 1.81 1.67 1.44 26.6
8C-20 1.64 1.51 1.37 20.1
8C-30 1.49 1.39 1.29 15.8

a Calculated from 1H NMR. b Titrated IEC values. c Based on IECW
a (IECV

This journal is © The Royal Society of Chemistry 2018
membrane. As shown in Table 2, the water uptake (WU)
(15.8–26.4%) and swelling ratio (SR) (7.1–10.7%) of the comb-
shaped membranes were much lower than those of the pris-
tine SPEEK membrane (WU ¼ 30.8, SR¼ 12.7). Thus, the comb-
shaped membranes have excellent mechanical properties. The
titrated IEC values are very close to the calculated values from
1H NMR. As expected, the water uptake decreased with
increasing the degree of substitution in the comb-shaped
membranes owing to the decreased IECW values. For example,
the water uptake of 8C-x membrane decreased from 26.6% to
15.8% when the degree of substitution increased from 10% to
30%, i.e. the IECW values decreased from 1.81 to 1.49 meq. g�1.
Thus, lower water uptake resulted in lower swelling ratio, as
shown in Fig. 7(b).

Proton conductivity

The proton conductivity values of the pristine SPEEK and comb-
shaped membranes in water at 25 �C are listed in Table 2. For
the comb-shaped membranes, an increase in proton conduc-
tivity values with IECW was observed. Similar to the water
uptake, the membranes with higher IEC showed higher proton
conductivity, as listed in Table 2. The effects of alkyl chain
length and substitution degree are also consistent with the
water uptake, where the hydration of the pristine SPEEK
membrane with high IECW values resulted in excessive swelling
and dilution of the ion concentration, thus decreasing IECV.
Compared with the comb-shaped 4C-10 (IECW ¼ 1.88 meq. g�1)
and 8C-10 (IECW ¼ 1.81 meq. g�1) membranes with similar IEC
values and a smaller number of sulfonic acid groups per repeat
unit, the pristine SPEEK membrane shows higher proton
conductivity (IECW ¼ 2.08 meq. g�1), which indicates that the
presence of more sulfonic acid groups along the polymer chain
is more effective for proton conduction.

Current–voltage curves

Membrane resistance is a key parameter in the development of
electrically driven membrane processes, and it determines the
total energy consumption and total cost of the electrically
driven membrane process. A suitable membrane resistance is
benecial for the electrodialysis process because it results in
lower power loss, thereby increasing the productivity and
reducing equipment operating costs. A current–voltage curve is
f the membranes

ptake Swelling ratio
(%)

Thickness
(mm)

Proton conductivity
(S cm�1)

12.7 65 0.096
10.7 67 0.084
9.3 62 0.068
7.8 63 0.055

10.3 65 0.079
8.9 60 0.063
7.1 64 0.048

¼ IECW/(1 + 0.01WU)).
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Fig. 7 The dependence of water uptake (a) and swelling ratio (b) on the IECW values of 4C-x, 8C-x and SPEEK membranes.
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generally used to investigate the membrane resistance and
limiting current density (ilim) which can be employed to deter-
mine the operating current density to avoid electrolysis of water
in the electrodialysis process. Moreover, a lower operating
current density than the limiting current density would
decrease or prevent fouling in the equipment which is caused by
concentration polarization. Thus, the current–voltage curves of
the pristine SPEEK, and the comb-shaped 4C-x and 8C-x
membranes were measured under the same testing conditions.

As shown in Fig. 8, the current–voltage curves of the
membranes displayed the typical three-region model. The rst
region at low current densities (i < ilim) is the ohmic region,
which is caused by ion transport between the solution interface
and the membrane. In this region, the potential drop on the
membrane is directly proportional to the applied current, and
the ohmic resistance (i.e., membrane resistance) can be calcu-
lated from the slope of the ohmic region.51 Subsequently, when
the current density increases and approaches the limiting
Fig. 8 Current–voltage curves of the SPEEK, 4C-x (a) and 8C-x membr

22946 | J. Mater. Chem. A, 2018, 6, 22940–22950
current density, the rate of ion transport across the membrane
will increase, and the concentration of ions close to the inter-
face will rapidly decrease. Thus, an increase in the resistance
results in a smaller slope. This region is called the plateau
region, which indicates the maximum current density that can
be applied in the electrodialysis process.52 The limiting current
density can be estimated using the intersection of the ohmic
region and the plateau region. However, as the current density
was further increased, the velocity of the charged ions across the
membrane cannot meet the requirements of the operating
current, so concentration polarization in the solution and
hydrolysis occur.53 Thus, a high slope is observed in this region,
i.e. the over-limiting region.54

As discussed above, the membrane resistances of the pris-
tine SPEEK and comb-shaped membranes have been calcu-
lated, and the results are shown in Table 3. Aer modication
with alkyl chains, the membrane resistances of the comb-
shaped membrane are in the range of 1.38–2.57 U cm2. These
anes (b).

This journal is © The Royal Society of Chemistry 2018
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Table 3 The area resistance and limiting current density of
membranes

Membrane
IECW

(meq. g�1)
Area resistance
(U cm2)

Limiting current
density (mA cm�2)

SPEEK-64 2.08 1.38 21.23
4C-10 1.88 1.51 25.47
4C-20 1.72 1.75 29.72
4C-30 1.57 2.34 31.14
8C-10 1.81 1.61 26.89
8C-20 1.64 1.86 32.46
8C-30 1.49 2.57 33.97
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values are higher than the membrane resistance of the pristine
SPEEK membrane (1.28 U cm2), probably because of the lower
IEC values. Thus, the membrane resistance increases with
increasing degree of substitution of alkyl chains. It is worth
noting that compared with the pristine SPEEK membrane, the
limiting current densities of the comb-shaped membranes are
increased signicantly from 21.23 mA cm�2 to 33.97 mA cm�2

under the same experimental conditions. Because the pristine
SPEEK membrane lacks sufficient channels to provide more ion
Fig. 9 Ion flux and permselectivity of the pristine SPEEK membrane and

Fig. 10 A series of comb-shaped membranes with H+
flux and permsel

This journal is © The Royal Society of Chemistry 2018
transport and satisfy the demand of current conduction, a low
limiting current density will result in electrolysis of water. In
contrast, aer modication with alkyl chains to form comb-
shaped architectures, the membranes show higher limiting
current densities, owing to the well-dened hydrophilic/
hydrophobic micro-phase separation enhancing the H+ trans-
port. Therefore, the suitable area resistance and high limiting
current density values could meet various water quality
requirements and the membranes can be used in the electro-
dialysis process.
Electrodialysis tests

To investigate the separation performance of monovalent/
divalent cations, a series of electrodialysis tests of the comb-
shaped membranes were performed in the H2SO4/FeSO4

system to simulate potential application systems. An operating
current density of 10 mA cm�2 which is lower than the limiting
current density of the membranes was used to avoid water
electrolysis and incipient precipitation of Fe(OH)2 in the diluted
chamber.41 As shown in Fig. 9, all the comb-shaped membranes
exhibited higher H+

ux than that of the pristine SPEEK
comb-shaped membranes with different degrees of substitution.

ectivity as a function of swelling ratio.

J. Mater. Chem. A, 2018, 6, 22940–22950 | 22947
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Fig. 11 Comparison of the pristine SPEEK membrane, comb-shaped
membranes and ASTOM.
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membrane. This can be attributed to the well-dened
hydrophilic/hydrophobic separation, as conrmed by SAXS
results, which enhanced the H+ transport during the electrodi-
alysis process.55 Thus, the H+

ux increases from 1.33 to 2.20 �
10�7 mol cm�2 s�1 when the degree of substitution by butyl
alkyl chains increases from 10% to 30%, as shown in Fig. 9(a).
These values are much higher than that of the pristine SPEEK
membrane with a H+

ux of 1.33 � 10�7 mol cm�2 s�1. Inter-
estingly, aer modication with alkyl chains to form comb-
shaped architectures, the membranes not only show higher
H+

ux but also higher H+/Fe2+ permselectivity, as shown in
Fig. 9. The highest permselectivity of 32.13 is achieved for the
8C-30 membrane, which also has the highest H+

ux of 2.41 �
10�7 mol cm�2 s�1. These values are much higher than those of
the pristine SPEEK membrane having a permselectivity of 12.55
and a H+

ux of 1.33� 10�7 mol cm�2 s�1. It is believed that the
well-dened hydrophilic/hydrophobic separation can enhance
the H+ transport. However, the lower IEC values and thus the
swelling ratio would effectively prevent Fe2+ transport through
the membrane owing to the larger Stokes radius of Fe2+

than that of H+.56 Therefore, the well-dened comb-shaped
membranes show higher H+

ux and permselectivity
with decreasing the swelling ratio, as shown in Fig. 10. These
results indicate that the introduction of alkyl chains in the
CEMs to form a comb-shaped architecture, and thus a well-
Table 4 Summary of membranes used in ED for the recovery of acids

Membranes
Current den
(mA cm�2)

Comb-shaped sulfonated
poly(ether ether ketone) membranes

10

BPPO membranes with zwitterionic side chains 14
Commercial CSO membrane 14
SPSF porous supporting membranes with PEI or PVA 15
PVA based CEMs using annealing treatment 30
Flowsheet based on the combination of membrane
processes and microporous hollow-ber contactors

50

22948 | J. Mater. Chem. A, 2018, 6, 22940–22950
dened hydrophilic–hydrophobic separation can overcome
the trade-off effect between ion ux and permselectivity, which
generally occurs in previously reported design strategies.57,58

Additionally, the 8C-30 membrane also showed higher H+

ux and H+/Fe2+ permselectivity than those of the 4C-30
membrane despite their similar IEC and swelling ratio values,
as shown in Fig. 11. It is presumed that the 8C-30 membrane
with longer alkyl chains would induce a more well-dened
hydrophilic–hydrophobic separation than 4C-30. This result
was conrmed by SAXS as discussed above, in which the 8C-30
membrane showed a sharper ionomer peak than the 4C-30
membrane. Compared with the performance of the commer-
cial monovalent CEM from ASTOM which was characterized
under the same testing conditions, the comb-shaped
membranes still showed higher H+

ux and comparable
H+/Fe2+ permeability. Further improvement of the permse-
lectivity could be achieved by decreasing the swelling ratio such
as by crosslinking, which will be reported in the future.

Finally, we compared the results for the comb-shaped
membranes with those of other membranes used in ED
processes for the recovery of acids reported in the literature and
they are listed in Table 4. Compared with the other similar
proton selective membranes, this comb-shaped membrane
indicated that the proton permselectivity of a CEM can be
greatly increased by graing alkyl side chains. Furthermore, the
comb-shaped membrane canmaintain a high proton ux under
a lower current density.
Conclusions

Comb-shaped SPEEK membranes have been successfully
prepared by introduction of alkyl chains to typical SPEEK by the
CDI activated addition reaction. A well-dened hydrophilic–
hydrophobic separation is achieved, as conrmed by SAXS,
where the comb-shaped membranes show obvious ionomer
peaks. Thus, the comb-shaped membranes exhibit a suitable
area resistance owing to the well-dened micro-phase separa-
tion despite their lower IEC and water uptake values than the
SPEEK membrane. Thus, the limiting current densities of the
comb-shaped membranes are higher than that of the SPEEK
membrane. Electrodialysis test results indicate that the comb-
shaped membranes exhibit higher H+

uxes in the range of
2.05–2.41 � 10�7 mol cm�2 s�1 than that of the pristine SPEEK
sity H+
ux

(mol cm�2 s�1) Permselectivity Ref.

2.41 � 10�7 32.13 This work

4.7 � 10�7 23.5 59
1.9 � 10�7 3.52 59

2.91 � 10�7 20.78 60
2.8 � 10�7 14.2 61
5.5 � 10�7 9.5 62

This journal is © The Royal Society of Chemistry 2018
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membrane (JH
+ ¼ 1.33 � 10�7 mol cm�2 s�1). It is presumed

that the well-dened hydrophilic/hydrophobic separation of the
comb-shaped membranes enhances the transport of H+ despite
their lower IEC values. Thus, the H+ ion ux signicantly
increases with increasing length of the alkyl side chains and
degree of substitution by alkyl chains. Importantly, the lower
IEC value, and thus the water uptake, results in the lower
swelling ratio, which results in the lower Fe2+ leakage during the
electrodialysis process owing to the larger Stokes radius of Fe2+

than that of H+. Thus, excellent H+/Fe2+ permselectivity is ach-
ieved for the comb-shaped membranes. Combined with the
excellent thermal stability and mechanical properties, the
comb-shaped SPEEK membranes are promising CEM materials
that can be applied in ED for acid recovery.
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