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ABSTRACT

Energy consumption (EC) and salt flux (]) are the two key parameters of the industrial electrodialy-
sis (ED) devices. Increasing | usually increases EC. The challenge of a qualified ED anion-exchange
membrane (AEM) is the dilemma of high | and low EC. Here we designed a series of poly(aromatic
ethers) based AEMs with main-chain type quaternary ammoniums. The characterization results of
structure and basic properties tell that the so-made AEMs are homogeneous, dense and defect-free,
and show applicable ion exchange capacities (IECs), water uptakes (WUs), area resistances (R__s)
and mechanical properties. The results of the ED tests clear that the current efficiency (1)) values of
the AEMs ED units are higher than 87.4% companying comparable or better EC than that of the com-
mercial AEM TWEDAI1 ED unit (] = 81.22 mg ms™, EC =2.13 kWh kg™) and ] varying from 79.77 to
80.92 mg m™?s™'. Especially, the ED unit of QPAEK (IEC = 1.14 mmol g') has an EC of 2.08 kWh kg™
The tailored AEMs ED units have good comprehensive ED performances with relatively high | and
low EC. These results reveal the potential of QPAEs for industrial ED processes.

Keywords: Anion exchange membrane; Poly(arylene ethers); Electrodialysis; Desalination; Low energy

consumption

1. Introduction

The electrodialysis (ED) process is a method used to
separate ionic species from non-ionic species in aqueous
solutions under provided direct current (DC) electric fields
[1-7]. In recent years, ED technology has been applied in
various fields such as desalination of seawater, sea-salt pro-
duction [8-11], food industry [12-14], industrial wastewa-
ter treatment [15-18] and so on. The advantages of ED over
other separation processes include low energy consump-
tion (EC), low cost of maintenance and fewer pre-treatment
requirements [19].

As the key components of ED devices, ion exchange
membranes (IEMs) have the ability to conduct counter-ions
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and insulating co-ions resulting from the ionic groups fixed
on the backbones, which has been called Donnan effect [20].
The selective transport of various ions of the IEMs is the base
of ED [21]. IEMs have been divided into two kinds according
to their fixed ionic groups, anion-exchange membrane
(AEM) and cation exchange membrane (CEM). CEMs have
been commercialized for many years due to the reliable and
mature synthesis technique [22], while the properties and
synthesis technique of ED AEMs are holding large spaces of
improvements. To overcome the shortages of short lifetime
undergoing high-density current and the high cost used in
ED devices, various AEMs with different chemistry have
been developed. The reported AEMs backbones include
polyethylene [23,24], polystyrene [25,26], polyacrylate [27],
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polyphenyl [28], poly(aromatic ether sulfones) [29-31], poly
(phenylene oxides) [32,33], poly(aromatic ether ketones)
(PAEKs) [34,35], polybenzimidazole [36], etc. While the
fixed positive charged groups are rich in types of pyridin-
ium [37], quaternary ammoniums [38], guanidinium [39],
imidazolium [37,40], metal cationic groups [41], quaternary
phosphonium [42]. To offer better ED performances, the
specific AEMs with higher transport numbers () and lower
area resistances (R ) are necessary [43]. Chen’s [44] work
disclosed that an internal cross-linked bipyridinium AEM
BPPO-20 (+=0.97, R =2.45 Q cm?) had better ED perfor-
mances ( = 95.2%, EC = 5.97 kWh kg™, | = 89.00 mg m™=s™)
than that of a commercial membrane Neosepta AMX
(n = 94.1%, EC = 651 kWh kg™, ] = 86.80 mg m™ s') [44],
where 1) is current efficiency, EC is energy consumption and
] is salt flux. Khan et al. [19] fabricated a BPPO-based AEMs
quaternized by dimethylethanolamine (DMEA) with ¢~ value
high to 0.98 and R__ value low to 1.43 QO cm? DMEA-15,
which offered 1 of 88.2%, | of 132.81 mg m™ s at EC high
to 29.19 kWh kg™ [19]. Manohar et al. [45] work reported a
PPO-based AEM with ¢~ the value of 0.98, AEM-3, gave out
the ED test results of n and | of 83.4% and 21.33 mg m™ s~
respectively at EC of 6.53 kWh kg™. Chakrabarty et al. [46]
work about a 2-(dimethylamino) ethylmethacrylate based
ED AEM with t the value of 0.90, AEM-008, cleared that
the values of n, EC and | were 78.5%, 4.77 kWh kg™ and
42.67 mg m~ s individually [46]. Shah et al. [47] confirmed
the importance of good membrane conductivity, IPA with
R_ . high of 5.32 Q) cm?® showed a very low ] of 7.92 mg m~s™
atm of 93.4% and EC of 0.49 kWh kg™ [47]. Up to now, the
challenge of qualified ED AEMs has been the dilemma of
high | and low EC. The new synthesis technology for ED
AEM should be developed to offer comprehensive perfor-
mances with a good balance of production capacity and EC.

Our previous works have disclosed that the poly (aro-
matic ether sulfone) based main-chain ionic AEM QPAES-c
overwhelms the other candidates with side-chain quaternary
ammoniums and commercial ED AEM, TWEDAI, in the
ED competition and shows an excellent desalination per-
formance (n = 0.949, ED lifetime comparable to that of
TWEDAT1) [48]. Tuning the backbones of main-chain ionic
AEMs is potentially helpful to yield good ED AEM candi-
dates to solve above the above-mentioned challenge in ED
processes. In this work, we synthesized three kinds of poly
(arylene ethers) based main-chain ionic AEMs and system-
ically evaluate their ED performances in terms of 1, | and
EC. The structures of ionomers and their based AEMs were
characterized by 'H-NMR, attenuated total reflection Fourier-
transform infrared spectroscopy (ATR-FTIR) and scanning
electron microscopy (SEM). To distinguish the so-made ED
AEMs from the current ones, TWEDA1 was assessed under
the same conditions. The ion exchange capacity (IEC), water
uptake (WU), hydration number (A), area resistance (R__),
mechanical properties and transport number (1-) were also
determined.

2. Experimental setup
2.1. Materials

4,4-difluorodiphenyl ketone (FPK) and 4,4-difluorodi-
phenyl sulfone (FPS) was purchased from Tokyo Chemical

Industry Co. Ltd., Tokyo, Japan. 1,1,2,2-tetrachloroethane
(TCE), azodiisobutyronitrile (AIBN), N,N-Dimethylacetamide
(DMACc), and N-bromosuccinimide (NBS) were purchased
from Aladdin Reagent, Shanghai, China. 2,2’,6,6’-tetramethyl
biphenol (TMBP) was synthesized by the method reported
before [49]. Three kinds of poly(aromatic ethers) (PAEs),
PAEK (m = 1), poly(aromatic ether ketone sulfone) (PAEKS)
(m = 0.5) and poly(aromatic ether sulfone) (PAES) (m = 0),
were synthesized according to the previous work [50],
where m is given out by Eq. (1).

n

m= FPK 1)
nFPK + nFPS
where 1., and n,, are the feedings in a mole of FPK and

FPS in the copolymerizations respectively. The gel permea-
tion chromatography (GPC) analysis results of PAEs are
as follows. PAEK: Mn = 42 kg mol?, Mw = 78 kg mol’,
Mw/Mn = 1.7; PAEKS: Mn = 47 kg mol™, Mw = 83 kg mol’,
Mw/Mn = 1.7; PAES: Mn = 61 kg mol™, Mw = 107 kg mol’,
Mw/Mn = 1.7. The commercial AEM TWEDA1 was pur-
chased from Shandong Tianwei Membrane Technology
Co. Ltd., China. All the other solvents and reagents in the
work were of analytical grade and used as received from
the commercial chemical reagents companies.

2.2. Fabrications of quaternized poly(arylene ethers) Membranes
2.2.1. Synthesis of brominated poly(arylene ethers)

Brominated poly(arylene ethers) (BPAEs) were synthe-
sized as shown in Fig. 1. A typical procedure of brominations
of PAEs was as follows. A 100 mL round bottom three-
necked flask installed the Dean-Stark manifold, a magnetic
stirrer, and the N, inlet and outlet. PAEK (1.8263 g, 4 mmol)
was introduced into the flask with 40 mL of TCE. After
dissolving, AIBN (0.0657 g, 0.9 mmol) and NBS (1.0679 g,
6 mmol) were added. At the reaction temperature of 80°C
for 4 h under nitrogen protection the reaction completed by
cooling down to room temperature. The reaction mixture
was dropped into 200 mL of methanol. The crude precipi-
tated product was washed three times with methanol and
dried under vacuum at 60°C for 24 h giving brominated
PAEK (BPAEK). Brominated PAEKS and PAES (BPAEKS
and BPAES) were obtained following a similar procedure.

2.2. Membranes preparation and quaternization

The following steps of the fabrications of quaternized
membranes were depicted as Figs. 1(2-3). The casting solu-
tion of the brominated polymer BPAEK was fabricated by
dissolving 1 g BPAEK in 7 mL of TCE. The solution was cast
on a flat glass plate at room temperature for 48 h at least to let
TCE volatile completely. Then, the membrane was peeled off
and immersed in aqueous trimethylamine (TMA) (33 wt.%)
for 48 h at room temperature to give quaternized PAEK mem-
brane (QPAEK). The QPAEK membrane was washed by deion-
ized water several times and kept in deionized water before
analysis. The other quaternized BPAEs membranes (QPAEs),
quaternized PAEKS and QPAES membranes (QPAEKS and
QPAES) were obtained following the same procedure.
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Fig. 1. Fabrications of quaternized poly(arylene ethers) membranes.

2.4. Characterization and measurements
2.4.1. '"H-NMR, ATR-FTIR and SEM

'H-NMR spectra were obtained on a Bruker Avance 400S
(Bruker, Germany) with deuterated chloroform or dimethyl
sulfoxide (CDCI, or DMSO-d,), and tetramethylsilane (TMS)
as the solvent and the standard respectively. ATR-FTIR
spectra were obtained on a Bruker Vertex 70 instrument
(Bruker, Germany). The surface and cross-section morphol-
ogy images of the membranes were observed by a Hitachi
S-3700N SEM instrument (Hitachi, Japan) with an accelerat-
ing voltage of 15 kV.

2.4.2. IEC, WU, hydration number (A), area resistance
(R,) and mechanical properties

Back titrations were used to measure the IEC values of
the quaternized poly(arylene ethers) membranes. Membrane
samples cut into 3 x 3 cm? size were immersed in 1 M
NaOH at room temperature for 48 h to exchange Br- with
OH-, then washed with deionized water to remove NaOH
remaining on the surface. Each sample was immersed in
50 mL standardized HCl solution (0.01 M) for 24 h to make
sure that OH" ions in the membranes were reacted with
HCI completely. Then the HCl mixture was titrated with a
standardized NaOH solution (0.01 M) with phenolphtha-
lein as an indicator. The IEC values were obtained using
the following equation:

QPAEK: m=1

QPAEKS: m=0.5
QPAES: m=0

VieC VionC

IEC: HCI-HCl — ¥ NaOH ~ NaOH (2)

mdry + (VHCICHCI - VNaOHCNaOH)(MB( - MC], )

where m dry(g) is the weight of the dried sample, V,(mL) and
Vion(mL) are the fixed volume of the HCl solution and the
consumed volume of the NaOH titrating solution, C,;,(M)
and C,_,,(M) are the concentrations of the HCI and NaOH
solutions, Mj (g mol™) is the molar mass of Br~ ions and M,
(g mol™) is that of CI- ions.

The WU of a sample of QPAEs was determined as fol-
lows. A membrane sample of 0.5 x 5 cm? was immersed
in NaCl solution (0.1 M) at room temperature for 24 h.
Then the sample was taken out and the weight of the wet
membrane (W, ) was measured immediately as soon as
the solution on the surface of the membrane was wiped
off with tissue paper. W, is the weight of the dry mem-
brane measured after the sample membrane was dried at
60°C for 24 h in vacuo. The WU values were calculated as
follows:

W, —W.
WU(%) = —=— x100% €)

dry

Hydration number (A) shows the average number of
water molecules combined with each quaternary ammonium
group. A is calculated by the following equation:
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WU 1,000
A=——x
M IEC

H,0

4)

where M, (8 mol™) is the molar mass of water.

Area resistances (R__) of QPAEs were measured by an
IviumStat frequency response analyzer (Ivium, Netherlands)
as the method mentioned in published works [51,52]. It used
a two-electrode, alternating-current impedance method. The
frequency ranging and oscillating voltage was set from 1 kHz
to 1 MHz and 10 mV respectively. Before the tests, all the sam-
ples would be immersed into a 0.1 M NaCl solution for 24 h.
The tests were conducted in the environment of 25°C, 0.1 M
NaCl solution. R was given by the following equation:

R, =RA (5)

where A (cm?) is the area of the test sample. R (Q) is the
resistance of the sample membrane.

An Instron M3300 was used to measure the mechanical
properties of the membrane samples (50 x 5 mm?). test speed
of 5 mm min™ at 25°C and 100% RH.

2.4.3. Transport number

The anion transport numbers () of the QPAEs mem-
branes were tested according to the reported method [53].
A two-compartment cell was cycled with 0.1 M (C)) and
0.2 M (C,) KCI solutions respectively, which was separated
by the investigated membrane. Two calomel reference
electrodes were set on both sides of the membrane closely.
The potential (E,) between the two sides of the membrane
was recorded with an Avometer. The relationship between
tand E, was given by the following equation:

E,=(2t - 1)%1115 (6)

CZ

where R and F are gas constant (8.314 ] mol™ K™) and far-
aday constant (96485 C mol™) respectively, T is the testing
temperature (K).

2.44. ED tests

ED tests ran in a four-compartment home-made ED
device. The device was separated into four compartments
by a pair of Nafion-115° CEM and one piece of AEM to be
evaluated. The effective areas of the membranes in the device
were of 9 cm?. The two middle compartments acted as dilut-
ing and a concentrating compartment respectively. Two NaCl
solutions with equal concentration and volume of 0.1 M and
150 mL were pumped cyclically into the two middle com-
partments at the same flow rates of 10 mL min~individually.
Two side compartments equipped with ruthenium coated
titanium cathode and anode were pumped cyclically with a
Na_SO, solution (0.2 M, 150 mL) at a flow rate of 10 mL min™".
Two side compartments were isolated from the two middle
compartments by CEM, which prevented the producing of
Cl,. The powers for the solutions circulations were provided
by two peristaltic pumps. The DCs used in the tests were pro-
vided by a DC power supplier (KORAD KA3005D, China) at

the current density set constantly at 15 mA cm™. Before the
tests, each compartment of the ED device was circulated with
the corresponding solution for 20 min to remove air bubbles
without the applied current. The ED tests were performed
for 150 min, and the conductivities of the NaCl solutions in
the diluted compartment were tested by a conductivity meter
(Lei-ci DDS-307, China) when the tests finished. The changes
in the conductivities of NaCl solutions tell out the changes
in the concentrations of the NaCl solutions owing to the
inherent relationship.

2.4.5. Efficiency assessment

The current efficiency (), EC and ] are important para-
meters for evaluating the performances of the ED process.
n was calculated by the following equation:

Z(C,-C,)VF
n=———x100% (7)
NIt

where Z is the absolute valence of CI-, V is the volume of the
NaCl solution in the diluting compartment, F is Faraday con-
stant (96485 C mol™), C, and C, are the concentrations of the
NaCl solution at time 0 and f during ED process, N is the
number of repeating units (N = 1), I is the applied current
(I=0.135 A).

The EC was calculated by Eq. (8).

t

1
EC=[—2% g 8
?[(Co - Ct)VMNaCI ( )

where u is the voltage of the ED device, M, is the molecular
weight of NaCl.
] was calculated by the following equation:

(C,-C )V

T ®

3. Results and discussion
3.1. Synthesis and characterizations of BPAEs and QPAEs

The fabrications of BPAEs and QPAEs are shown in
Fig. 1. The '"H-NMR spectra of the detailed BPAEs polymers,
BPAEK, BPAEKS and BPAES are displayed in Figs. 2a—c
respectively. The peaks appearing from 2.1 to 2.2 ppm are
contributed by benzylmethyl groups, while those signals
locating at 4.4 ppm are donated by —CH,Br groups. Which
confirm the successful brominations of PAEs polymers.
It is worth noting that two different kinds of benzylmethyl
groups of BPAEK offer two signals of “a” and “a” in Fig. 2b,
which gives an integral ratio of about 1:1 resulting from the
feeding ratio of FPK and FPS of 1:1 during the synthesis of
PAEKS. The similar splitting of the benzylbromide groups
appears as separated signals of “b” and “b”’. Whilst BPAEK
and BPAES offer mono-peak signals for benzylmethyl and
benzylbromide groups (Figs. 2a and c).

Fig. 3 shows the ATR-FTIR spectra of QPAEK, QPEKS,
QPAES, and the commercial TWEDA1. The strong wide sig-
nals ranging from 3,700 to 3,000 cm™ are due to the strong
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Fig. 2. 'TH-NMR spectra of (a) BPAEK, (b) BPAEKS, and (c) BPAES.

hydrophilicity of the quaternary ammonium bromides of
QPAEs. The absorption bands at 2,922 cm™ result from
the stretching vibrations of C-H bonds of methyl groups.
The strong bands at 1,640 cm™ are attributed to the bend-
ing vibrations of H,O. The characteristic absorptions of the
C=C skeletal vibrations of aromatic rings are at 1,596 and
1,498 cm™. The stretching bands of Ar-O-Ar bonds occur at
1,108 cm™. The bands at 1,185 and 1,160 cm™ are the stretch-
ing vibrations of C-N*. The scissoring and wagging bands
of methylene groups connecting with N* (Ar—CH,-N*(CH,),)
are at 1,468 and 1,220 cm™ respectively. These results confirm
the success of quaternization. It is worth mentioning that
bands at 1,293 and 1,145 cm™ in curves b and c are attributed
by the stretching vibrations of O=S=O bonds and the absence
of the absorption bands in curve a because of the monomers
of QPAEK without FPS (Figs. 3a—c). Fig. 3d confirms the
aliphatic skeleton of the commercial membrane TWEDAL.

3.2. Morphology of QPAEs

The SEM images of QPAEs are shown in Figs. 4a—f. The
SEM surface and cross-section (fractured in liquid nitrogen)
images of QPAEK, QPAEKS and QPAES show homogeneous
and dense nature without any holes, cracks and phase sep-
aration at the magnifications of 6,000. The thicknesses of
QPAEs membranes ranged from 110 to 130 um, which are
given by an Exploit dial-type thickness gauge.

3.3.IEC, WU, A, R,

The IECs and WUs of QPAEs are shown in Fig. 5.
The A and R are depicted in Fig. 6. IEC has an important

o d mechanical properties of QPAEs

/I
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Fig. 3. ATR-FTIR spectra of QPAEs and TWEDALI: (a) QPAEK,
(b) QPAEKS, (c) QPAES, and (d) TWEDAL.

impact on the performance of AEMs. Generally, membranes
with high IECs have lower R and higher WU values.
The three tailored membranes in this study have close IEC
values ranging from 1.07 to 1.26 mmol g™. According to the
Donnan equilibrium theory, the permeability and perm-
selectivity of AEMs depend on the concentration of the
fixed cationic group in the wet membranes. The higher the
concentrations of the fixed groups the stronger the result-
ing electric fields, which provide stronger repulsion to the
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Fig. 5. IEC and WU of QPAEs at room temperature.

co-ions. Within a certain range, increasing the IEC values
of the dry AEMs can increase the concentration of the fixed
cationic groups of the wet AEMs. However, over high IECs
result in excessive WUs and decrease fixed groups concen-
trations of the wet AEMs. Moreover, excessive water absorp-
tion leads to a looser membranes structure, which weakens
the molecular sieving effect causing decreases in permeabil-
ity and permselectivity reflected by the decrease of transport
number () [55]. Therefore, the IEC values of AEMs should
be controlled to an appropriate range. The water absorp-
tion abilities of QPAEs change dramatically leading to WUs
jump from 32.24 to 63.32 even the IEC window of QPAEs
is narrow as 0.19 mmol g?. A shows a similar tendency,
which increases from 16.7 to 27.9. QPAEKS has about two
times A of that for QPAEK and QPAES. The highest A offers
the lowest local charge density in the group and changes
the permeability and permselectivity of QPAEKS greatly.
QPAEKS shows the highest ion conductivity with the lowest
R of 1.03 Q cm? and the poorest permselectivity with the

area

lowest transport number value of 0.87 (Table 2).

4
30 : gm \
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-<20- N T \ 12 C‘.;
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QPAEK QPAEKS QPAES

Fig. 6. A and o of QPAEs at room temperature.

The mechanical properties of QPAEs under the fully
hydrated conditions at room temperature are listed in
Table 1. The QPAEs membranes have tensile strengths of
13.9-18.5 MPa and elongations at break of 6.5%—66.2%. The
tensile properties of QPAEs are comparable to that of the
reported IEMs [40,54] and Nafion-117® [55]. All the QPAEs
have run several times of ED tests and survived from the
fixations of the ED equipment and the testing. This suggests
that the mechanical properties of the QPAEs membranes
are acceptable to satisfy the ED requirements.

3.4. Transport number

Transport number () is the fraction of the total electrical
current carried in an AEM by the exchangeable anions. It is
one of the most important parameters of ED AEMs, which
clears the anion selectivity of the AEMs. The value of ¢~ of an
ED AEM reflects the permselectivity level of the membrane
without an extra DC field. Generally, AEMs with higher +
values have better isolation abilities to cations. In this study,
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Table 1

IEC values and mechanical properties of QPAEs and some of the reported IEMs

59

Membrane IEC,, ‘/mmol g™ IEC, '/mmol g Tensile strength/MPa Elongation at break/%
QPAEK 2.34 1.14+0.01 185+1.2 662+24
QPAEKS 2.87 1.26 +0.02 16.1+1.4 258+2.1
QPAES 2.29 1.07 +0.02 13.9+0.8 65+1.0
M-1 [40] - 1.14 289 7.2
PQSV-4 [54] - 1.36 11.87 79.89
Nafion-117® [55] - 0.91 21.1 370.6

“IEC,,, is calculated from bromination degree that supposing all re-active —Br have been replaced.

°IEC,, is calculated by the titration result.

Table 2

1, EC and | of QPAEs and some reported ED AEMs
Membrane IEC/mmol g! t Rarea/Q cm?2 n/% EC/kWh kg™ J/mg m?s™
QPAEK 1.14+0.01 0.94 2.17+0.15 882+0.1 2.08+0.03 80.52 +2.30
QPAEKS 1.26 £ 0.02 0.87 1.03£0.11 874+0.2 2.14+0.03 79.77 £1.11
QPAES 1.07 +£0.02 0.96 2.55+0.09 88.7+0.3 2.15+0.04 80.92 +0.02
TWEDA1 1.01 0.94 - 89.0+0.2 2.13+0.02 81.22+0.92
AEM-3 [45] 1.61 0.98 - 83.4 6.53 21.33
AEM-008 [46] 2.92 0.90 - 78.5 4.77 42.67
IPA [47] 1.69 0.92 5.32 93.4 0.49 7.92
BPPO-20 [44] 1.98 0.97 2.45 95.2 5.97 89.00
DMEA-15 [19] 1.47 0.98 1.43 88.2 29.19 132.81
MDPP-43 [56] 1.52 0.95 2.9 59.4 29.52 102.7

KCl solutions (0.1 M and 0.2 M) is used to calculate ¢ by 1.00

Eq. (5) instead of the NaCl solutions in the published works '

[2,53]. The reasons are that K* and CI- have similar values 0.96

of ion mobility in the diluted solution and the used method 0.95{ o0.94 0.94

can eliminate the deviations resulted from the difference

in ions mobility of Na* and CI- during the measurements.

Fig. 7 gives out t+ values of QPAEK, QPAEKS, and QPAES 3 0.90-

of 0.94, 0.87 and 0.96 respectively. The values of  decrease <= 1 0.87

with rises in IECs and A for the above-mentioned reasons '« 0.85-

and QPAES shows a better permselectivity than TWEDALI,

which has ¢ of 0.94.

0.80
3.5. ED performances
0.7

Current efficiency (1), EC and | are the basic parameters
to assess the ED performance of the related key materials.
n is defined as the ratio of experimental migration to the
theoretical migration of Na*CI". EC is the EC per 1 kg NaCl
migrating in ED device. ] is the mass transport per membrane
area and per time unit. Enough high ] value of ED device
tells out the industrial applied potential. A good ED AEM
candidate should have the ability to balance the improve-
ments in 1 and ] and the increase in EC.

ED tests were performed in a homemade ED device, the
n, EC and | data of each AEM sample were evaluated after
a 150 min ED process under a constant current condition
of 0.135 A. The concentration of NaCl solutions (C, and C))
were obtained from the conductivity of the solutions, while
1 and EC were calculated according to Egs. (6) and (7). These

QPAEK QPAEKS QPAES TWEDA1

Fig. 7. t of QPAEs at room temperature.

results are shown in Fig. 8. To benchmark, the ED perfor-
mances of QPAEs, the commercial ED AEM, TWEDAI,
has run the same test and the corresponding data are dis-
played in Fig. 8 too. 1 can precisely reflect the permselec-
tivity of AEMs under the conditions of the same ED device
equipped with the same quality CEM. The higher the n
value, the less the Na'leakage of the AEM has under the
DC fields. The 1 values of QPAEK, QPAEKS, QPAES in this
work (88.2%, 87.4%, 88.7% respectively) are very close to that
of TWEDAL equaling 89.0%. EC under a constant current
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Fig. 8. 1 and ECs of the QPAEs and TWEDAT1.

condition is controlled by three factors: permselectivities
and resistances of IEMs, the deviations of the applied con-
stant current from the varying limit currents of the dilute cell
with the prolonging ED time. AEMs with lower IECs usu-
ally have better permselectivities playing a positive role in
decreasing EC since the CEM has been fixed. However, lower
IEC often results in lower ion conductivity or high electric
resistance at the same membrane thickness and operation
conditions. Since QPAEK, QPAEKS and QPAES have simi-
lar values of a thickness (130, 110, and 130 um respectively),
so the ion conductivities through the AEMs are controlled
by the resistance of the used AEMs. Better conductivity of
QPAEKS offsets the negative effect of the low . The ECs
of the ED units based on QPAEK, QPAEKS, and QPAES is
2.08, 2.14 and 2.15 kWh kg™ individually. All the ED units
based on the designed AEMs show similar EC values to that
of the ED unit based on TWEDA1, which has an EC value of
2.13 kWh kg™. ] values of the QPAEs ED units are very close
to that of the TWEDAI1 ED unit (81.22 mg m= s™) (Table 2),
which has been calculated according to Eq. (8). Table 2 lists
out the data of n, EC and | of some of the best candidates
of the reported ED AEMs simultaneously. QPAEKS ED unit
shows the lowest 1) value because of its highest IEC and
WU. These features lead to its low ] value. QPAEK ED unit
shows the lowest EC and the comparable 1 and ] to that
of the TWEDAI1 ED unit. Industrial ED devices prefer big
] to ensure the productive capacity at the cost of partially
increased EC. An excellent ED unit should balance the EC
and ] to satisfy the requirements of the industrial ED pro-
cesses. The ED units based on BPPO-20 [44], DMEA-15 [19]
and MDPP-43 [56] offer higher | values than that of the
QPAEK ED unit with jumps less than 64.9%. However, their
EC is 2.87-14.19 times of that of QPAEK ED unit. It should be
noted that IPA ED units [47] give an extremely low EC value
of 0.49 kWh kg™ at ] of 7.92 mg m™ s, which is about 10% of
that of the ED units in this work. Moreover, the QPAEs ED
units show much lower EC value at | times of those of the
reported AEM-3 [45] and AEM-008 [46] ED units.

4. Conclusion

A series of designed PAEs based main chain ionic AEMs,
QPAEK, QPAEKS and QPAES, were derived by successful
brominations and quaternization of the mother polymers

from 4,4-difluorodiphenyl sulfone, 4,4-difluorodiphenyl
ketone and 2,2’,6,6’-tetramethyl biphenol. All the AEMs are
homogeneous and dense in nature without any holes and
cracks and show applicable IEC, WU, R__, and mechanical
properties. The results of the ED tests clear that the n val-
ues of the ED units based on the tailored AEMs are higher
than 87.4% companying comparable or better EC than
that of the ED unit with the commercial AEM TWEDA1
(J = 81.22 mg m? s; EC = 2.13 kWh kg™). Especially, the
ED unit of QPAEK (IEC = 1.14 mmol g?; WU = 35.46 %,
R =217 Q cm? with the second-highest ¢~ of 0.94 has

area

the lowest EC of 2.08 kWh kg™ with a | of 80.52 mg m= s\
It should be attributed to the balance between high permse-
lectivity and moderate resistance. The tailored QPAEs AEMs
ED units have good comprehensive ED performances with
relatively high | and low EC. These results reveal the poten-
tial application of QPAEs for industrial ED processes.
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