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ABSTRACT

Semi-homogeneous cation exchange membranes with superior ion exchange capacity (IEC)
were synthesized via a novel polymerization and sulfonation approach in porous
polypropylene support. The IEC of membranes could reach up to 3 mmol/g, due to high mass
ratio of functional polymer to membrane support. Especially, theoretical IEC threshold value
agreed well with experimental threshold value, indicating that IEC could be specifically
designed without carrying out extensive experiments. Also, sulfonate groups were distributed
both on membrane surface and across the membranes, which corresponded well with high IEC
of the synthesized membranes. Besides, the semi-finished membrane showed hydrophobic
property due to formation of polystyrene. In contrast, the final membranes demonstrated super
hydrophilic property, indicating the adequate sulfonation of polystyrene. Furthermore, when
sulfonation reaction time increased, the conductivity of membranes also showed a tendency to
increase, revealing the positive relationship between conductivity and IEC. Finally, the final
membranes showed sufficient thermal stability for electrodialysis applications such as water
desalination.
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1. INTRODUCTION

Ion exchange membranes (IEMs) are widely used in various fields, including but not limited
to electrodialysis (ED),"” reverse electrodialysis (RED),” diffusion dialysis,* fuel cells,” and
redox flow battery.” Especially, ED is extensively applied in a number of applications, such as
water treatment and desalination,® food industry,” and so on. The widespread applications of
IEMs also necessitate different methods for synthesizing IEMs with different properties to
meet different requirements.'®'> For example, U. Chatterjee et al. reported a novel kind of ion
exchange membrane via quaternization and cross-linking methods which demonstrated high
current efficiency and low energy consumption.” Also, the widely used carcinogenic reagent
(i.e., chloromethyl ether) was avoided during the preparation process.'* However, many
methods or procedures have one or more of the following issues: use of organic solvents,''®
use of additional chemicals to improve solubility of effective reactants or functional
components,’” heterogeneous casting solution,'® complicated procedures,”” reduced membrane
long-term stability,”’ etc. This paper aimed to provide a solution to these issues.

In terms of ionic group types, IEMs are generally divided into cation exchange membranes
and anion exchange membranes.*"* Ideally, IEMs are supposed to have high permselectivity,
high conductivity, high ion exchange capacity (IEC) as well as reliable chemical, mechanical,
and thermal stabilities.”> *® Among these properties, IEC is undoubtedly an important
parameter for IEMs. In industrial ED applications, electricity consumption is a main source of
operation cost. Increasing IEC can reduce electricity consumption by increasing the output of
desalted water per kilowatt hour. Membranes with low IEC usually have high area resistance,
resulting high electricity cost as well as long processing time due to low efficiency.”” However,
it was not easy to prepare membranes with high IEC. K. Dutta et al. prepared high
ion-exchange capacity Nafion membranes through casing blend solutions of Nafion and
sulfonated polyaniline and the synthesized membranes demonstrated improved ion exchange
capacity (1.43 mmol/g) compared to pristine Nafion (0.8 mmol/g).*® X. Li et al. synthesized
novel high ion-exchange capacity proton exchange membranes using ring-opening metathesis
polymerization and the IEC could reach up to 2.3 mmol/g.” However, besides the complicated
procedures, solution casting method was adopted in these procedures, where organic solvents
were used, which may pose a threat to the environment.

In this work, we proposed a novel methodology for making high ion-exchange capacity cation
exchange membranes through controlling the mass ratio of functional polymers to membrane
support. The inspiration for this methodology was originated from formation of reinforced
concrete, one of the most widely used modern building materials. As illustrated in Figure 1,
the interconnected rebar provides solid support for concrete, and the former is filled with the
latter, resulting reinforced concrete after solidification of concrete slurry. Similarly,
membranes fabricated using this methodology is composed of two parts. The first part is
membrane support and the second part is functional polymers. The relationship between
membrane support and the functional polymers is analogous to that of rebar and concrete in
reinforced concrete. Specifically, membrane support should have strong chemical, mechanical
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and thermal stability. More importantly, it should also have porous structure (voids) and low
density, thus making it possible to have high liquid uptake capacity and to provide enough
space for functional polymers as well. In other words, the secret of high IEC produced using
this methodology lies in high amount of functional polymers introduced to the synthesized
membranes. Briefly, the functional polymers are formed by functionalization of polymers and
the polymers are formed by polymerization of monomers. Especially, all the reactions take
place in the membrane support. Therefore, the finally formed functional polymers are closely
interconnected with membrane support. In this study, non-woven polypropylene (PP) support
fabric Novatexx 2471 was used as membrane support, which had a porous structure as
revealed by the SEM image (Figure 1C), and high liquid uptake capacity. Sulfonated
polystyrene (PSS) was used as functional polymers, which was formed by sulfonation of
crosslinked polystyrene (PS) that “grew up” in the membrane support through polymerization
of styrene and divinylbenzene (Figure 1D). Not limited to PS/PSS and PP, this methodology
may also be applied to other combinations and anion exchange membranes as well. Therefore,
this methodology may provide an avenue for future research work on IEMs with high IEC.

A

Interconnected rebar 5 Reinforced concrete

Membrane support

Figure 1. Conceptual illustration of the methodology in this study. (A) Interconnected rebar (B)
Schematic diagram of reinforced concrete (C) SEM image of membrane support used in this
study (D) SEM image of semi-finished membrane in this study



2. EXPERIMENTAL SECTION

2.1. Materials. Styrene, divinylbenzene, benzoyl peroxide, sodium chloride, and
phenolphthalein solution were purchased from Sigma Aldrich. Non-woven polypropylene (PP)
support fabric Novatexx 2471 was supplied by Freudenberg Filtration Technologies
(Germany). All chemicals were used as received without any further purification.

2.2. Membrane preparation. The membrane preparation scheme was illustrated in Figure
2. To begin with, styrene (St), divinylbenzene (DVB) and benzoyl peroxide (BPO) with mass
ratio of 7:1:0.07 were mixed together at room temperature, and the mixture was then stirred
moderately at room temperature to make homogeneous solution. Then PP membrane support
was immersed into the solution for at least 10 min to ensure adequate uptake of the solution.
Then the PP membrane was taken out and placed between two Aluminium sheets, and then the
Aluminium sheets were sandwiched between two stainless steel plates. The stainless-steel
plates were then compressed tightly to prevent monomers from escaping PP membrane and to
ensure that polymerization took place in the membrane support. The polymerization took place
at 80°C for 8 hours. After the reaction, the membrane was peeled off and immersed into
acetone or heated at 60°C for several hours to remove unreacted monomers. Then the
membrane was immersed into concentrated sulfuric acid and the sulfonation reaction took
place at 80°C for different hours. After the reaction, the membrane was taken out and
immersed into ice-water mixture to remove excess acid. Then the membrane was washed with
DI water for a couple of times to obtain final membranes.
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Figure 2. Schematic illustration of membrane preparation. O-M referred to original PP
membrane support; S-M referred to semi-finished membrane synthesized by copolymerization
of St and DVB in O-M.

2.3. Membrane characterization. Scanning electron microscope (SEM) analysis as well as
energy-dispersive X-ray spectroscopy (EDS or EDX) analysis were performed (JSM 6400,
JEOL, USA) to study membrane morphology as well as sulfur distribution in the synthesized
membranes.

The molecular structure of synthesized membranes was characterized using Fourier-transform
infrared spectroscopy (FTIR) technique (Perkin-Elmer, USA, model Spectrum-100). The FTIR
spectra of the membrane samples were taken from 600 cm™ to 4000 cm™.



IEC of membranes is often defined as the amount of exchangeable ions per dry weight of the
membrane, with the unit of meq/g or mmol/g.*® Titration method was adopted to determine
IEC of the synthesized membranes.’' In brief, the membrane (H" form) was immersed in 2 M
NaCl solution for 24 hours to convert H™ form into Na™ form. During the conversion process,
H' was released into the solution. The membrane sample was then taken out from the solution
and completely washed with DI water, which was then mixed with the solution. Following this,
the solution was titrated with 0.01 M NaOH using phenolphthalein as the indicator. The IEC of
membranes could be calculated using the following equation:

Cv
(1)
dry

where C is the concentration of NaOH solution, V is the volume of NaOH solution consumed
and W,y is the dry weight of the membrane sample in H' form.

IEC =

Water uptake was determined by two steps. Firstly, the membrane sample was dried at 60 "C
under oven until the sample weight did not change any more. Secondly, the membrane sample
was immersed in DI water for 24 h at room temperature, and then excess water on membrane
sample was lightly removed with tissue, and then the weight of membrane sample was
measured immediately. Water uptake was calculated using the following equation:
Wayet — Wary
Water uptake = Twe (2)

dry

where Wy and Wy, are wet weight and dry weight of the membrane, respectively.

Water contact angles of the synthesized membranes were determined by sessile-drop technique,
using standard goniometer (Ramehart Instrument, USA, model 250-Ul) equipped with a
high-speed digital camera which operates at 100 fps.
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Figure 3. Schematic diagram of proton conductivity testing cell

The proton conductivity of synthesized membranes was determined using electrochemical
impedance spectroscopy (EIS) technique and four-electrode in-plane proton conductivity
testing method.**>* Figure 3 showed the schematic diagram of conductivity testing method.
For the testing procedure, the membrane sample was placed into the testing device that was
connected with BioLogic VSP potentiostat. The testing device was immersed into ultra-pure
water (~18 MQ-cm) at room temperature. Alternating current (AC) impedance data was
collected in frequency range of 0.1 Hz to 1 MHz with a sinus amplitude of 100 mV across the
electrodes. After the test, the membrane sample was taken out and the device was immersed
into water again to measure background resistance. Membrane resistance was calculated using
the following equation:>*>’
RRy,
“R_R 3)

where R is the membrane resistance, R; is the total resistance (with membrane) and Ry, is the
background resistance (without membrane).

Membrane conductivity was then calculated using the following equation:™
L

rw @

where ¢ is membrane conductivity, L is the distance between the inner electrodes, T is
membrane thickness and W is membrane width (Figure 3). More details about conductivity
measurement were available in Supporting Information.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were used to
study thermal stability of synthesized membranes. The test was conducted via a Netzsch



instrument (model STA 449 F5 Jupiter”) under nitrogen flow of 20 cm’/min at a heating rate
of 10 ‘C/min in the range of 25-800 "C.

3. RESULTS AND DISCUSSION

3.1. Membrane morphology and sulfur distribution

In this work membranes with different sulfonation reaction time were synthesized using the
proposed novel methodology. Generally, surface morphology of synthesized membranes (i.e.,
S-M and F-M) was strongly influenced by preparation conditions. As revealed by Figure 1A,
membrane support (i.e., O-M) had an intertwined porous structure (voids), which contributed
greatly to its high liquid uptake capacity. Similar to the role of rebar in reinforced concrete, the
intertwined porous structure enabled polymerization reaction to take place in O-M, producing
compacted semi-finished membrane (S-M). As shown in Figure 1B, the voids in O-M were
filled with crosslinked polystyrene (confirmed by FTIR), the role of which was similar to that
of concrete in reinforced concrete. Also, it is interesting to mention that the surface of S-M
was not smooth, which might be attributed to a synthetic effect of multi-factors, including the
porous structure of O-M, surface smoothness of the Aluminium sheets between which O-M
was sandwiched, as well as compression/sealing force. Therefore, one interesting future
research topic is to systematically investigate the key parameters for fabricating membranes
with smooth surface. Besides, it is obvious that the surface of F-M was also not smooth
(shown in the first column of Figure 4) due to rough surface of S-M.
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Figure 4. Surface morphology, sulfur mapping and energy spectrum diagram of F-M with
different sulfonation reaction time. (A) F-M-22 (B) F-M-30 (C) F-M-38 (D) F-M-46. The
number following F-M means sulfonation hours.



Sulfur mapping technique was applied to investigate the distribution of functional groups (i.e.,
-SO;3 ) in the synthesized membranes. As revealed by the second column of Figure 4, the
presence of sulfur on membrane surface was confirmed. The presence of sulfonate group was
further confirmed by FTIR technique. Also, it is interesting to point out that the appearance of
sulfur mapping was consistent with the uneven membrane surface. This is actually one
limitation of elemental mapping technique. In other words, membrane surface topography
could have an important effect on EDX signals. Therefore, it does not necessarily mean that
sulfur was less abundant in relatively darker area of the mapping. A further analysis method
was applied to gain a better understanding of the presence of sulfonate groups on membrane
surface. Two typical points were selected on each membrane and their energy spectrum
diagrams were obtained. As shown in the third column of Figure 4, both energy spectrum
diagrams in all membranes shown high sulfur peaks. In brief, combing sulfur mapping and
energy spectrum diagram, sulfur was successfully introduced to membrane surface. Besides, in
order to investigate whether sulfonation reaction also took place across the membrane, two
typical points across the membrane samples were selected and their energy spectrum diagrams
were analyzed. As shown in Figure 5, sulfur peaks were observed in energy spectrum
diagrams of all the membranes. Therefore, it was safe to conclude that sulfonation reaction
took place both on membrane surface and across the membrane.
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Figure 5. Energy spectrum diagram of F-M cross-sections.
3.2. Membrane chemical structure

The chemical structure of O-M, S-M and F-M were revealed by FTIR spectra (Figure 6).
Polypropylene as O-M composition was verified by FTIR spectrum.’®>® The most prominent
peaks were observed at around 2915 cm™ and 2849 cm™', corresponding to asymmetrical and
symmetrical CH, stretching vibration, respectively. The peaks at 1462 cm™ and 1473 cm™
were attributed to asymmetrical CH; bending vibration while the peak at 1376 cm™ was



corresponding to symmetrical CH; bending vibration. The next remarkable peaks at 718 cm™
and 732 cm™' were owing to CH, wagging vibration.
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Figure 6. FTIR spectra of O-M, S-M and F-M. O-M referred to the original PP membrane
support; S-M referred to the semi-finished membrane synthesized by copolymerization of St
and DVB in O-M; F-M referred to the final-membrane synthesized by sulfonation of S-M. The
number following F-M means sulfonation hours.

For S-M spectrum, the first prominent peak at 3025 cm™ was due to aromatic =C-H stretching
vibration, the peaks at 2920 cm™ and 2849 cm™ were due to alkyl C-H stretching vibrations,
the next peaks at 1601 cem™, 1493 cm’, and 1451 cm™ were due to aromatic -C=C- bond
stretching vibration, and the peaks at 755 cm™ and 695 cm™ indicated aromatic =C-H bending
vibration.” In short, S-M spectrum revealed that polystyrene was successfully formed in
membrane support. For F-M spectrum, the most remarkable peaks for confirming sulfonation
of polystyrene were observed at 1174 cm™, 1127 cm™, 1038 cm™ and 1009 cm™', where the
first two peaks were corresponding to asymmetric stretching vibration of sulfonate group
while the latter two peaks were attributed to symmetric stretching vibration of sulfonate
group.””* Besides, the range 3000 — 3700 cm™ was due to stretching vibration of H,O, the
peaks at 2920 cm™ and 2849 cm™ were due to alkyl C-H stretching vibrations, the peak at
1634 cm™ was due to O-H bending vibration of H,O, the weak peaks at 1496 cem’, 1451 cm™
and 1412 cm™ corresponded to aromatic -C=C- bond stretching vibration, the peaks at 832
cm™,775 cm™ and 673 cm™ were due to aromatic =C-H out of plane bending vibration, and the
peak at 618 cm™ was due to ring in-plane bending vibration.* ** In a nutshell, F-M spectra
demonstrated that functional sulfonate groups were successfully introduced to F-M through
functionalization of polymers. Furthermore, FTIR spectrum of S-M indicated that
polypropylene support fabric was fully covered by polystyrene. These results corresponded
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well with membrane surface morphology and sulfur distribution discussed above.

3.3. Ion exchange capacity
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Figure 7. Effect of sulfonation reaction time on IEC. Values are averages of at least three
replicates. Error bars represent one standard deviation.

As shown in Figure 7, all the synthesized membranes showed high IEC. IEC of the
synthesized membranes (F-M-30, F-M-38 and F-M-46) were compared with common
commercial cation exchange membranes (Figure 8).”* As revealed by Figure 8, our
synthesized membranes demonstrated excellent IEC performance compared with other
membranes. The high I[EC was mainly due to high mas ratio of polystyrene to polypropylene
in S-M, which could reach around 1:1 based on experiment results. The high IEC was also
indicated by sulfur distribution as well as FTIR analysis discussed above. Furthermore, IEC
increased with increasing sulfonation reaction time, but reached a threshold value (~3mmol/g),
which was consistent with theoretical IEC threshold value (see Supporting Information for
details). One significant point of this agreement lied in that it provided a straightforward way
to design membranes with different IEC using this novel methodology. In other words, the
IEC of membranes could be designed to meet different requirements simply by controlling the
mass ratio of functional polymers to membrane support as well as the sulfonation reaction
time. And the IEC (threshold value) could be predicted by theoretical calculation without
carrying out extensive experiments.

11



h 3.04
2.95 "‘ ]
30 | 130
| | '
25 ‘ 22 125
S0t 225 | |
[ | ]
@20F ‘ 2.0
= |
°é [
“157
0]
>
1.0
0.5
0.0
X,Y) Membrane X,Y) Membrane X, Y) Membrane
43) F-M-46 (3.3) F-M-38 (13)  Fumasep® FKD
42) F-M-30 (3.1) Neosepta® CMX (12)  Fumasep® FKB
(4,1)  Neosepta® CM-1 = (2.3) Ralex® CMH-PES (1,1) Nafion™ N117

/ / (2,1) Chemjoy® CIMCED / /

Figure 8. Comparison of IEC between prepared membranes in this study and common
commercial membranes.

3.4. Water contact angle, water uptake and conductivity

Water contact angle of O-M decreased quickly and changed from A (1) to A (4) in less than 10
seconds, indicating the porous structure of O-M (Figure 9A). S-M was hydrophobic due to the
formation of crosslinked polystyrene (Figure 9B). When a water droplet was placed down on
F-M, it spread very quickly and completely, and was much faster than O-M, and thus making
it unable to observe the changes of contact angle shown in O-M (Figure 9C). In a nutshell, the
water contact angles of membranes experienced fluctuating changes at different fabricating
stages (Figure 9D), indicating the successful reactions of polymerization and sulfonation. It is
important to point out that F-M demonstrated super hydrophilic property. Also, as revealed by
Table 1, these membranes showed high water uptake. However, it should be pointed out that
although these two properties could play a positive role in reducing membrane resistance,
super hydrophilic property and high water uptake could have a negative impact on membrane
dimensional stability since they had a positive relationship with membrane swelling. In other
words, they could have some passive effect on desalination as water diffusion across the
membranes could more easily took place. The issue of water diffusion could be solved by
reducing sulfonation reaction time (see section 4 and 5 in Supporting Information for more
details). However, a disadvantage of this method was that reducing sulfonation reaction time
could also reduce the efficiency of ED due to high membrane resistance. Therefore, future
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research should aim to reduce membrane water uptake and hydrophilicity while maintaining
their high IEC performance. One strategy adopted by researchers to reduce water uptake of ion
exchange membranes was through incorporation of phase separation in the membranes. "
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Figure 9. Measurement of the water contact angle of (A) original PP membrane support
(O-M), (B) semi-finished membrane (S-M), and (C) final-membrane (F-M). Comparison of
water contact angles of membranes at different stages is shown in (D). Values are averages of
at least three replicates. Error bars represent one standard deviation.

As indicated by Table 1, the conductivity of membranes showed a tendency to increase with
increasing sulfonation reaction time, indicating the positive relationship between conductivity
and IEC.

Table 1. Water uptake and conductivity of synthesized CEMs

Membrane Water uptake (%) Conductivity (mS/cm)
F-M-22 72.5+1.4 22.37+1.43
F-M-30 101.7+10.9 24.93 +0.66
F-M-38 94.1+£8.2 29.04 +0.36
F-M-46 929+5.1 30.39 +0.56

Note: the conductivity values given in Table 1 correspond to proton conductivity.

3.5. Membrane thermal properties
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Figure 10. TGA diagrams of original PP membrane support (O-M), semi-finished membrane
(S-M), and final-membrane (F-M) with different sulfonation reaction time. The number
following F-M means sulfonation hours.
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Figure 11. DSC diagrams of original PP membrane support (O-M), semi-finished membrane
(S-M), and final-membrane (F-M) with different sulfonation reaction time. The number
following F-M means sulfonation hours.
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As shown in Figure 10, O-M and S-M demonstrated excellent thermo-stable property which
did not decompose until at high temperature (> 300 °C). For F-M, there were three stages of
weight loss as temperature was increased, including the loss of absorbed water (i.e.,
dehydration stage), followed by thermal decomposition of sulfonate group (i.e., desulfonation
stage), and finally degradation of polymer chains (i.e., carbonization stage). The presence of
hydrate water was also indicated by FTIR spectra as discussed above. Besides, TGA results
revealed that a significant mass fraction of F-M remained at about 800 °C, which was different
from O-M and S-M whose weight percent already reached zero at about 500 °C indicating no
residues or negligible residues left. This was most likely a result of the formation of a highly
heat-resistant sulfur-bridged (e.g., -SO,-) polymer during pyrolysis.*”* Furthermore, the mass
fraction of F-M residues showed a trend to increase with increasing sulfonation reaction time,
with F-M-22 having the lowest ratio of residues while F-M-46 having the highest ratio of
residues. TGA results also revealed that F-M-22 had the lowest ratio of water content while
F-M-38 and F-M-46 showed the highest ratio of water content. These results indicated that the
amount of functional sulfonate groups in F-M tended to increase with increasing sulfonation
reaction time. This agreed well with the results revealed by other characterization techniques
discussed above. Additionally, in the derivative weight loss curves of F-M in the range of 400
to 500 °C, the maximum degradation rate tended to shift to higher temperatures with
increasing sulfonation reaction time. Also, as revealed by DSC curves (Figure 11), O-M
showed multiple melting peaks (two obvious peaks and one less obvious peak) and the melting
peaks for F-M tended to shift to higher temperatures with increasing sulfonation reaction time
(see Table S1 in Supporting Information for details). These results might indicate that thermal
stability of F-M was slightly improved with increasing sulfonation reaction time. Given the
modest operating temperature for desalination using electrodialysis, F-M demonstrated
sufficient thermal stability to meet the requirements, which was comparable to many other
kinds of cation exchange membranes.'®'%*

4. CONCLUSIONS

In this work, we proposed a novel methodology for making high ion-exchange capacity cation
exchange membranes using porous polypropylene as membrane support and sulfonated
polystyrene as functional polymers. The polymerization and sulfonation reactions successfully
took place in membrane support. The synthesized membranes demonstrated superior IEC (up
to 3mmol/g), attributing to high amount of functional polymers introduced in the synthesized
membranes. Especially, theoretical IEC threshold value corresponded well with experimental
threshold value, indicating that IEC could be specifically designed without carrying out
extensive experiments. Further, sulfonate groups were distributed both on membrane surface
and across the membranes, which agreed well with high IEC of synthesized membranes.
Besides, the semi-finished membrane demonstrated hydrophobic property due to formation of
polystyrene. By comparison, the final membranes showed super hydrophilic property as well
as high water uptake. In addition, when sulfonation reaction time increased, the conductivity
of membranes also showed a tendency to increase, revealing the positive relationship between
conductivity and IEC. Finally, the final membranes showed sufficient thermal stability for
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electrodialysis applications such as water desalination. This novel methodology may open up
new possibilities for fabricating ion exchange membranes with superior ion exchange capacity.
Future research work will be to study the effectiveness of this novel methodology for other
materials for cation exchange membranes as well as anion exchange membranes. Furthermore,
future research should aim to reduce membrane water uptake and hydrophilicity while
maintaining their high IEC performance.
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1. Theoretical IEC threshold value

Below are the terminologies used in the process of calculating theoretical IEC threshold
value.
*  IECy: theoretical IEC threshold value
« IEC__:maximum [EC that a membrane/resin can achieve in theory
*  MWygosg: molecular weight of -SOsH group, i.e., 81 g/mol
*  MWosgyrene: molecular weight of styrene, i.e., 104 g/mol
*  PSS: polystyrene sulfonate
*  Wpp: weight of polypropylene membrane support
*  Whps: weight of polystyrene formed in polypropylene membrane support
*  Whpss: weight of polystyrene sulfonate formed in polypropylene membrane
support
*  Ws: weight of sulfonate formed in polypropylene membrane support
*  Weemi-mem: Weight of semi-membrane synthesized by copolymerization of
styrene and divinylbenzene in polypropylene membrane support
*  Wiinal-mem: Weight of final-membrane synthesized by sulfonation of semi-
membrane via concentrated sulfuric acid
*  p: practice coefficient
* 1: mass ratio of polystyrene to polypropylene in semi-membrane

* m: mass fraction of polystyrene sulfonate in final-membrane

The relationship between different parameters is summarized as follows.

*  Wiemimem = Wpp + Wps

*  Wrinalmem = Wpp + Wess

* Wpss = Wps + W

o Ws=Wps*MWs03a/MWsiyrene (Note: this relationship is based on the assumption
that the weight loss of H during sulfonation is negligible, and the effect of
DVB is not considered. Instead, its effect is reflected by practice coefficient)

s IECmax = 1000/(MWso3u + MWsiyrene — 1)

e 1=Wps/Wpp

* m= Wpss/Wiinal-mem

*  IECu = p*m™* IEChax

For PSS based cation exchange membrane/resin, the IEC,,,x that the membrane/resin

could achieve theoretically is around 5.43 mmol/g. The calculation process is:
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©  IECmax = 1000/(81+ 104 — 1) = 5.43 mmol/g

But in practice it was very difficult to achieve this value due to different factors such as
sulfonation degree, the effect of DVB, etc. Besides, the resin usually has higher IEC
compared to membranes (by dry weight). This is mainly because that for membranes,
membrane support is usually required to increase the thermal and mechanic reliability
of the membranes, which has a negative effect on IEC. Therefore, for theoretical
calculation, a practice coefficient p is applied. p is defined as the ratio of highest IEC
of common commercial sulfonated polystyrene based cation exchange resins (mmol/g)
to IEChax. Since the highest IEC of common commercial PSS based cation exchange
resins is around 4.8 mmol/g, the value of p can then be calculated. The calculation

process is:
* p=4.8/543~=0.88

The value of r is around 1 based on experimental results. The value of m can then be

calculated. The calculation process is:

* m= Wpss/Wiinal-mem
= Wpss/(Wpp + Whpss)
= 1/(1 + Wpp/Wpss)
= 1/[1 + Wpp/(Wps + Wys)]
— 11 + 1/(Wps/Wep + Ws/Wpp)]
= 11 + 1/(r + Wes/Wer*MWs031/MWsiyren)]
= 1/[1+ 1/(r + r*MWs036/MWstyrene)]
— 1/[1+ 1/(1 + 1#81/104)]
~0.64

Therefore, the theoretical IEC threshold value of the synthesized membranes in this

study can be calculated. The calculation process is:
*  IECu = 0.88*0.64*5.43 = 3.06 mmol/g
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2. Conductivity measurement and calculation

The parameters in equation (3), equation (4) as well Figure 3 of the manuscript had the
following values. The distance between the inner electrodes was 0.5 cm, the width of

hydrated membrane sample width was 0.5 cm, the thickness of hydrated membrane was
0.26 mm.

Nyquist plots were obtained from measurements using the EIS function of the
potentiostat. Nyquist plots were used to calculate the impedance or resistance. A
detailed instruction on using Nyquist plots to obtain membrane resistance could be
found elsewhere.'” Below were examples of Nyquist plots for all the conductivity
experiments in this study. At least four repeated measurements were carried out for each

membrane sample.
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Figure S1. Nyquist plot obtained by AC impedance spectroscopy without membranes

(Background). Z" referred to imaginary impedance and Z' referred to real impedance.
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Figure S2. Nyquist plot obtained by AC impedance spectroscopy for membrane F-M-
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Figure S4. Nyquist plot obtained by AC impedance spectroscopy for membrane F-M-
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Figure S5. Nyquist plot obtained by AC impedance spectroscopy for membrane F-M-

30. Z" referred to imaginary impedance and Z' referred to real impedance.
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3. Melting temperatures of O-M, S-M and F-M

Table S1. Melting temperatures of O-M, S-M and F-M

Membrane Melting temperature 1 (°C) Melting temperature 2 (°C)
O-M 132.3 166.1
S-M 132.3 170.4
F-M-22 133.1 /
F-M-30 135.9 159.4
F-M-38 137.3 161.1
F-M-46 141.6 162.3
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4. Mass production of membranes

The methodology introduced in this work could be used to produce many pieces of
membranes at one time. In other words, it could be used for mass production of
membranes, thus making it possible for industrial applications. The key thing was to
find an effective spacer which should have very smooth surface and could not be
dissolved by monomer solution. The spacer used in this study for demonstration of mass
production of membranes was transparent polyester (PET) films which were kindly

provided by HiFi Industrial Film. The PET film had a thickness of 125um.

§ Compress/fasten

|

: § Compress/fasten
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Figure S6. Methodology diagram for mass production of membranes. The left diagram
was used in the manuscript where Aluminium sheet was the spacer. The right diagram
showed mass production of membranes where original Aluminium sheet was replaced

by PET sheet.

Figure S6 showed the methodology diagram for mass production of membranes. To be
specific, the Aluminium sheet which was originally used as the spacer was replaced by
PET sheet, and O-M containing monomer solution was separated by PET, one by one.
Using this upgraded method, we can prepare many pieces of membranes at one time.
Figure S7 showed the real pictures of our synthesized cation exchange membranes
using the upgraded method. The six pieces of membranes were synthesized at one time
rather than six times. The reason we synthesized six pieces lied in that it was the proper
number of membranes used for further electrodialysis tests (section 5). It is undoubtedly
feasible to prepare more pieces of membranes using this method if needed. Also, the
membrane size was 11 cm X 11 cm, because the electrodialysis cell required this size
of membranes (Figure S8). For industrial-scale production, much larger size

membranes could be manufactured simply by enlarging the length of sides of stainless-
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steel plates. The following equation could be used to estimate the volume of membranes

produced at one time.
A=L*W*N

where A is the area of membranes (m”), L and W are the length and width of O-M,
respectively, and N is the number of O-M separated by PET films.

For example, if L=1 m, W =1 m, N =10, then A = 10 m2, which means 10 m?

membranes are synthesize at one time.
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Figure S7. Real pictures of the synthesized cation exchange membranes for
electrodialysis test. The sulfonation reaction time was 6 h. (A) Without holes. (B) With

holes. The holes were channels for dilute and concentrate water. (C) Six pieces of
membranes synthesized at one time.
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Figure S8. Real pictures of the electrodialysis cell with membranes.

Also, the synthesized membranes for electrodialysis test showed reduced water uptake
(0.281+0.035) and water contact angle (Figure S9), indicating that these membranes
were less hydrophilic compared to F-M-22, F-M-30, F-M-38 and F-M-46.

Figure S9. Water contact angle of the synthesized membranes for electrodialysis test.
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5. Electrodialysis system and tests

5.1 Methods

Electrodialysis tests were conducted using an electrodialysis cell unit (model PCCell
ED 64004) provided by PCCell GmbH, Germany. Cation exchange membranes (CEMs)
used for electrodialysis tests were synthesized in this study while anion exchange
membranes (AEMs) were purchased from PCA GmbH, Germany. Each of the ion
exchange membrane had an active membrane area of 64 cm” (8 cm x 8 cm) as well as
an effective size of 11 cm x 11cm. The membrane stack contained 5 cell pairs, which
were composed of 6 cation exchange membranes, 5 anion exchange membranes, and
10 spacers. As shown by Figure S10, the system contained three compartments, namely
dilute compartment, concentrate compartment and electrolyte (or electrode rinsing
solution) compartment. The flow rates of these compartments were measured
continuously in real time. An initial current was applied to the desalination system using
a BioLogic VSP potentiostat and the current was recorded continuously in real time.
The duration for the electrodialysis test was 60 minutes. Samples from the dilute
compartment and concentrate compartment were collected at 0, 12, 24, 36, 48 and 60
min, respectively. The conductivity of these samples was measured using a TDS meter
(model C100, Cole-Parmer, UK). Furthermore, the sodium concentration of these
samples was measured using an inductively coupled plasma (ICP) instrument (Perkin-
Elmer, USA, model Optima 2000 DV). The initial water volume of the dilute
compartment and the concentrate compartment were same, namely 2.5 liters. After the
test, the water volume of the two compartments were measured to see whether water

diffusion across the membranes happened.

5.2 Electrodialysis system setup

Figure S11 showed real pictures of the electrodialysis system used in this study to test
membrane desalination performance. The components and their details as well as

suppliers were summarized in Table S2.
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Figure S10. Schematic illustration of the electrodialysis cell. Salts were removed in

the dilute compartment and were collected in the concentrate compartment.

Figure S11. Real pictures of electrodialysis system. 1- Tank; 2- Framework; 3- Valve
1; 4- Flow meter; 5- Tubing; 6- Pump; 7- Electrodialysis cell; 8- Valve 2; 9- Valve 3;
10- Hose connector; 11- Potentiostat; 12- Current booster; 13- Control power interface
unit; 14- Pump control and flow rate display panel; 15- Potentiostat control panel
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Table S2. Components of the electrodialysis system

Component Name  Component details Supplier
Xylem  Totton Magnetic Coupling

Pump Centrifugal Pump, 23L/min, 12 V dc RS Components

Flow meter RS Pro, 0.05 — 10 L/min Flow Controller RS Component

ow mete V10980 omponents

RS Pro Manual Ball Valve Stainless Steel

Valve 1 1/2 in BSPP RS Components
12 Hose Tail Plastic Ball Valve Air-

Valve 2 mm Hose Tail Plastic Ball Valve Air: Hoses Direct
pro

Valve 3 Ball valve, 3-way, 1/2" barb, - PVC Cole Palmer

Connecting fitting 1
Connecting fitting 2

Connecting fitting 3

Tank

Torque wrench
Wrench head
Tubing 1

Tubing 2

Tape

Hose Connectors

Framework

Control
interface unit

Potentiostat

Current booster

power

RS Pro Stainless Steel Hexagon Bush
3/4in R(T) Male x 1/2in G(P) Female

RS Pro Stainless Steel Hexagon Nipple
1/2in R(T) Male x 1/2in R(T) Male

RS Pro Stainless Steel Hexagon Hose
Nipple 1/2in R(T) Male / Male

12 Litre Water Tanks (Natural)

Mighty Torque Wrench - Black

Stahlwille 540 Series Crow Foot Spanner
Head, size 8 mm Chrome

1/4" PVC Tubing

3/8" Silicone Tubing
PTFE Tape

Hose Connectors
Aluminium Framework
NA

VSP

VMP3B-10

RS Components
RS Components
RS Components
Tanks Direct
Amazon

RS Components
Imperial College
Imperial College
Imperial College
Imperial College

KIN

National
Instruments

BioLogic

BioLogic
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5.3 Result and discussion

Real-time monitoring of flow rates of dilute, concentrate and electrolyte compartments
was shown in Figure S12, Figure S13 and Figure S14, respectively. As revealed by
these figures, the flow rates of the entire system were very stable. To be specific, the
average flow rate of the dilute, concentrate and electrolyte compartments were 0.75
L/min, 0.73 L/min and 2.50 L/min, respectively. The flow rates of dilute compartment
and concentrate compartment were nearly the same, which was an important condition
since great difference in flow rate of these two compartments would generate pressure
difference across membranes. Pressure difference was bad for membranes and should

be avoided or reduced to the minimum.

The volume change in dilute and concentrate parts before and after electrodialysis test
was summarized in Table S3. No volume changes occurred after the test, indicating that
no or negligible water diffusion across the membrane took place. Also, as revealed by
Figure S18 and Figure S19, both conductivity and sodium concentration in the dilute
water decreased as time went on. In contrast, both conductivity and sodium
concentration in the concentrate water increased as time went on. Therefore, the
practicability of these membranes for water treatment/desalination was confirmed. One
future research work is to improve desalination performance by reducing membrane
resistance, since these membranes indicated high membrane resistance, as revealed by
Figure S15 and Figure S16, where the current was not high enough even though the

initial current was set to be 5 A.

Table S3. Volume change in dilute and concentrate parts before and after test

Compartment Before test After test
Dilute 25L 25L
Concentrate 25L 25L
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Figure S12. Real-time monitoring of flow rate of the dilute compartment.
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Figure S13. Real-time monitoring of flow rate of the concentrate compartment.
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Figure S14. Real-time monitoring of flow rate of the dilute compartment.
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Figure S15. Real-time monitoring of voltage applied to the electrodialysis cell.
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Figure S16. Real-time monitoring of current supplied to the electrodialysis cell.
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Replicate Data:

Calib Blank 1

Net Corrected Calib. Analysis
Repl# Analyte Intensity Intensity Conc. Units Time
1 Na 589.592 -6891.4 -6891.4 [0.00] mg/L 10:07:58
2 Na 589.592 -6824.0 -6824.0 [0.00] mg/L 10:08:06
3 Na 589.592 -7128.2 -7128.2 [0.00] mg/L 10:08:14
Mean Data: Calib Blank 1
Mean Corrected Calib
Analyte Intensity Std.Dev. RSD Conc. Units
Na 589.592 -6947.8 159.76 2.30% [0.00] mg/L
Replicate Data: 1
Net Corrected Calib. Analysis
Repl# Analyte Intensity Intensity Conc. Units Time
1 Na 589.592 777503.7 784451.6 [5.0500] mg/L 10:09:45
2 Na 589.592 768797.4 775745.2 [5.0500] mg/L 10:09:48
3 Na 589.592 787201.4 794149.2 [5.0500] mg/L 10:09:51
Mean Data: 1
Mean Corrected Calib
Analyte Intensity Std.Dev. RSD Conc. Units
Na 589.592 784782.0 9206.46 1.17% [5.0500] mg/L
Replicate Data: 2
Net Corrected Calib Analysis
Repl# Analyte Intensity Intensity Conc. Units Time
1 Na 589.592 1535765.1 1542713.0 [9.9925] mg/L 10:11:24
2 Na 589.592 1563569.2 1570517.1 [9.9925] mg/L 10:11:27
3 Na 589.592 1519100.0 1526047.9 [9.9925] mg/L 10:11:30
Mean Data: 2
Mean Corrected Calib
Analyte Intensity Std.Dev RSD Conc. Units
Na 589.592 1546426.0 22465.90 1.45% [9.9925] mg/L
Replicate Data: 3
Net Corrected Calib. Analysis
Repl# Analyte Intensity Intensity Conc. Units Time
1 Na 589.592 3828802.2 3835750.1 [24.9045] mg/L 10:13:01
2 Na 589.592 3802974.7 3809922.6 [24.9045] mg/L 10:13:04
3 Na 589.592 3793786.0 3800733.9 [24.9045] mg/L 10:13:07
Mean Data: 3
Mean Corrected Calib
Analyte Intensity Std.Dev. RSD Conc. Units
Na 589.592 3815468.8 18155.02 0.48% [24.9045] mg/L
Calibration Summary
Analyte Stds. Equation Intercept Slope Curvature Corr. Coef. Reslope
Na 589.592 3 Lin Thru 0 0.0 153500 0.00000 0.999991

Figure S17. Calibration of sodium standard solution for ICP measurement. The

coefficient reached 0.99991, which was an excellent result.
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Figure S18. Changes of conductivity in dilute water and concentrate water with time
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Figure S19. Changes of sodium concentration in dilute water and concentrate water

with time
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