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Salinity Gradient Power - Reverse Electrodialysis (SGP-RED) is a promising membrane-based technology to
harvest the energy of mixing from solutions of different ionic concentration. Unfortunately, currently available
commercial ion exchange membranes — being not specifically designed for RED - are far from satisfying the
requirements of this operation, especially when operated with hyper-concentrated brines. In this work, novel
sulfonated polyethersulfone (SPES) cation exchange membranes (CEM) were prepared by phase inversion
method and tested under high salinity gradients. Use of 5M NaCl electrolyte for immersion precipitation
coagulation bath facilitated the self-standing membrane formation as a result of the electrostatic interaction
between the fixed charged groups and electrolyte solution. Microscopy results revealed that dense or asymmetric
membranes with non-connected pores were formed by solvent evaporation or immersion precipitation, respec-
tively. The membranes were characterized for ion exchange capacity, water uptake, charge density and thick-
ness, and further studied by electrochemical impedance spectroscopy. The obtained properties of the newly
developed membranes were subsequently compared to those of commercial CMX (Neosepta, Japan) and Fuji-
CEM-Type 1 (Fyjifilm, The Netherlands) membranes. The asymmetric membranes resulted in a very low resis-
tance especially for high ionic gradients but relatively low permselectivity, while dense membranes still had a
low resistance compared to commercial membranes and exhibited high permselectivity. Interestingly, in terms of
power density, lab-made membranes outperformed the commercial benchmarks when tested for RED applica-
tions with brackish water (0.1 M NaCl)/hypersaline brine (4 M NaCl) feeds; power density of CMX and Fuji-CEM-
Type 1 were 3.23 and 3.77 W/m?, respectively, while power density of asymmetric and dense sPES membranes
were 3.64 and 3.92 W/m? respectively.

1. Introduction

Salinity Gradient Power (SGP), the energy that can be harvested from
the mixing of solution of different ionic strength, has regained world-
wide attention in the past decade after having been introduced as early
as 1954 by Pattle et al. [1]. With an estimated global potential energy
between 0.23 and 3.13 TW, SGP is a promising approach to alternative
renewable energy to help the transition towards a low-carbon economy
[2]. River mouths, where two solutions with different salinity meet, are
considered the largest natural SGP sources [3]. Moreover, saline

groundwater [4], saltworks [5], salt lakes, brines of natural and oil gas
fields [6], brines from desalination units (e.g., reverse osmosis [7,8] and
membrane distillation [9-11]) are increasing in interest as more energy
intensive SGP effluents. A key benefit compared to renewable energy
sources such as solar and wind energy is that salinity gradients are much
less susceptible to fluctuations, ensuring a more stable source of power.

Among different approaches, pressure retarded osmosis (PRO) and
reverse electrodialysis (RED) are the most promising membrane-based
technologies for SGP energy generation [12-14]. Main advantages of
PRO against RED are the possibility to utilize higher power density and
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efficiency especially when high salinity solutions are fed and relatively
lower cost of the membranes [15,16], whereas RED is advantageous for
being less sensitive to fouling [17] and allowing a direct conversion of
electricity from salinity gradients [15]. As illustrated in Fig. 1, a typical
RED unit consists of alternately arranged anion exchange membranes
(AEM) and cation exchange membranes (CEM) which are separated by
spacers to create adjacent channels. By pumping diluted/concentrated
saline solutions into the channels, an electrochemical potential gradient
is generated, driving the ions from high to low concentration. Due to the
charged nature of the membranes, ions can only diffuse through the
oppositely charged membranes (i.e. positive ions can diffuse through
CEM, while negative ions diffuse through AEM). By utilizing electrodes
at both ends of the RED stack, the selective ionic flux across the mem-
branes is converted into an electronic flux by redox reactions [11].

Ion exchange membranes (IEM) are the most critical performance
determining elements in RED. In general, IEMs are utilized in the various
electromembrane processes were designed to satisfy the requirements of
specific applications. For example, permselectivity is essential for puri-
fication applications, i.e. electrodialysis (ED), whilst chemical and
thermal stability of membranes is more important for the chlor-alkali
process [18]. The majority of the membranes investigated for RED
operation are commercial membranes specifically developed for ED due
to similarity of both processes [19,20]. However, the needs for RED
differ from those for ED. In order to maintain permselectivity in ED,
membranes have a high charge density and are mostly reinforced with
another stable material against swelling, resulting in relatively thick
membranes. Moreover, ED membranes were designed for challenging
conditions, such as high current density and extreme pH conditions [21,
22]. On the other hand, RED conditions are rather mild: process solu-
tions are generally close to neutral pH, and just a low hydrostatic
pressure is applied to flow solutions across the inlet and outlet of
compartments.

Most of the commercial ion exchange membranes are produced as
dense homogeneous membranes by functionalized polymeric materials.
These membranes have a permselectivity higher than 90%, an areal
resistance between 1 and 5Q-cm? an IEC between 1.1 and 2.5
meq-g ', a water uptake up to 30% and a thickness between 30 and
200 pm [18,23,24]. All these properties are interrelated and most often
counter-acting against each other [25]. For example, a high IEC capacity
means a high permselectivity and low resistance up to a certain degree.
Beyond this degree, increasing IEC leads high swelling which reduces
the number of functional group per volume, leading IEM to inefficient
Donnan exclusion so the permselectivity and resistance decrease [26].

So far, the biggest obstacle hampering commercialization of RED is
the absence of tailored IEMs for high power density generation, occur-
ring when operated under high salinity gradient: a feasible RED
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membrane must have a high permselectivity, a low resistance, sufficient
mechanical and chemical stability and a low price. Post et al. (2009)
studied the requirements of RED membranes; for a cost-effective oper-
ation, the membrane should have a selectivity higher than 95%, a
resistance lower than 3 Q- cm?, mechanical stability that is sufficient to
construct the stack for a lifetime of at least 5 years and a maximum price
of 2 €/m? [27].

Regarding their structure and preparation procedure, ion exchange
membranes can be classified into two main categories [28]: heteroge-
neous membranes having high selectivity, mechanical stability, low
price but high ionic resistance (>10S2-cm2), and homogeneous mem-
branes having good mechanical and electrochemical properties, but
being rather expensive (>100 €/m?). Among these limiting parameters,
the price of the membrane is the most challenging for the near future
[22,27,29,30].

Several studies have been made to prepare IEMs specifically for RED.
Tailor-made IEMs were prepared by using sulfonated poly-
etheretherketone (SPEEK) and polyepichlorohydrin (PECH), and then
tested in artificial seawater and river water conditions in a lab-scale RED
stack: a maximum power density of 1.28 W/m? was obtained for the
stack operated with SPEEK/PECH membranes couple, while the one
obtained with FKD/FAD commercial membranes was 1.19 W-m~2 [26].

Novel composite membranes were prepared by embedding FesS-
04-SO7 charged inorganic particles into PPO. The membrane properties
were characterized for different loading ratio’s and finally tested in RED
stack: the highest gross power density obtained was 1.30 W-m 2 for
0.7 wt% loading [31].

Recently, AEMs and CEMs were prepared by a pore filling technique.
Physicochemical and electrochemical characterizations revealed that
the membranes had comparable permselectivity and mechanical sta-
bility, but a four times lower areal resistance than commercial mem-
branes (i.e. FKS and FAS from FumaTech GmbH, Germany, CMX and
AMX from Takuyama Com, Japan; CMV and AMV from Asahi Glass Co.
Ltd, Japan). Moreover, a 2.4 W-m™2 gross power density was reported
using KIER pore-filling membranes: this value was 25% higher
compared to the best performing commercial membrane pair (AMX/
CMX) [32].

In this work, we developed novel CEMs from sulfonated poly-
ethersulfone (sPES) specifically optimized for RED applications under
hyper-concentrated saline solutions. To our knowledge, for the first time
sPES lab-made CEMs were prepared and characterized for their RED
potential, with specific focus on operations at high salinity gradients in
order to exploit the electrochemical potential of brines. Traditionally,
the morphology of ion exchange membranes is dense to allow efficient
Donnan exclusion [33]. According to our conceptual strategy, the design
of ion exchange membranes with more open structure that maintains
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Fig. 1. Schematic representation of a RED unit ([23]).
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co-ion exclusion is expected to enhance the ion conductivity due to a
larger interstitial volume. As a consequence, the performance of RED is
projected to increase especially when operated with highly concentrated
saline feeds.

As a further advantage, the adopted membrane manufacturing
approach is potentially scalable at industrial level: investigated prepa-
ration methods include either solvent evaporation, leading to dense
membranes, or solvent exchange by immersion precipitation [34],
leading a more open membrane with non-connected cell-like pores.
Electrochemical characterization of commercial CMX and Fuji CEM
Type 1 used as a target, along with lab-made sPES membranes, was
carried out by permselectivity tests and electrochemical impedance
spectroscopy for high salinity gradients. Moreover, single cell RED ex-
periments for four CEMs were performed at 0.1/4.0 M NaCl and 25 °C.

2. Experimental
2.1. Materials

Sulfonated polyethersulfone (sPES) with 1.19 meq-g~" ion exchange
capacity (IEC) and 119,000 g-mol~! molecular weight was provided by
Konishi Chemical Ind. Co. Ltd., Japan.

Fuji CEM Type 1 (Fuji-CEM) was kindly supplied from Fujifilm, The
Netherlands. Neosepta CMX cation exchange membrane was purchased
from Astom Corp. Ltd., Japan.

1-Methyl-2-pyrrolidinone (NMP, 99%) was supplied from Sigma-
Aldrich, The Netherlands. Technical grade NaCl was purchased from
VWR, Italy. Hydrochloric acid 37% and sodium hydroxide 1 M were
purchased from Carlo Erba, Italy and Fluka Analytical, Italy,
respectively.

2.2. Membrane preparation

For the solvent evaporation method, NMP-based solutions of 20 wt%
sPES were prepared. Polymer solutions were cast on a glass plate using a
knife with a 500 pm opening. After casting, films were dried under Ny
atmosphere at 70°C for 2 days; finally, the membranes were easily
peeled off in demi-water. Samples were kept in 0.5 M NaCl solution until
further use.

For membranes prepared by immersion precipitation, NMP-based
solutions were prepared with 30 wt% sPES. The polymer solution was
cast on a glass plate using a casting knife with a 250 pm opening. After
that, the polymer film was immersed into a 5M NaCl solution and a
white-colored membrane was formed in less than 30 s. The final product
was kept in a 0.5 M NaCl solution before further characterization.

Physical appearance of commercial and lab-made cation exchange
membranes are shown in Fig. 2.

2.3. Membrane characterization

2.3.1. Ion exchange capacity

The ion exchange capacity (IEC) of cation exchange membranes was
measured by acid-base titration method. Membrane samples were
immersed into excess 1 M HCI solution for 24 h to saturate all the fixed
charged groups with H'; then the samples were washed with demi-water
until the surface water was completely removed. Following this, the
samples were immersed into 40 ml of 2 M NaCl solution to exchange H"
with Na* and to release H" into solution. This step was repeated 3 times
for a complete exchange. Finally, the immersed solutions were collected
into a beaker and titrated with 0.01 M NaOH. The titration was
continued until the pH of the collected solution reached the pH of the
initial 2 M NaCl solution [35]. The pH values were monitored with a pH
meter (WTW Inolab Terminal Level 3, Germany). The IEC (meq-g dry
membrane 1) was calculated by using the following equation:

Journal of Membrane Science 595 (2020) 117585

b)

Fig. 2. Physical appearance of a) CMX, b) Fuji-CEM-Typel, sPES-P and b)
SPES-D.

_ VN:/OH 'MNaOH (1)
md,},

IEC

in which Vy,op is volume of NaOH titrant (1), Mnaon is molarity of NaOH
titrant (mol-1"!) and myyy is the dry weight of the sample (g) after
washed with water and left in an oven at 70 °C for overnight. The re-
ported IEC values are the average of at least 3 repetition.

2.3.2. Water uptake and fixed charge density
The water uptake (wu) of the CEMs was calculated by gravimetric
method, according to the following formula:

Myelled — My
wuy = —xeted AV 100 2
Mgy

where mgyelied is the swelled membrane weight after immersion in 0.5 M
NaCl, and mgy is the dry weight of the membrane left in oven at 70 °C
overnight. The reported water uptake values are the average of at least 3
repetition.

By definition, fixed charge density (cgx) means mmol of fixed charge
groups in a unit volume of water and can be determined by using IEC
and water uptake as below indicated:

IEC-
= % 100 )]

where d is the density of water at 25 °C.

2.3.3. Permselectivity

A two-compartment cell (Fig. 3) was operated at 25 °C to determine
the membrane potential. Before measurements, membranes were
conditioned overnight in the low concentrated solution (i.e. the condi-
tioning solution was 0.1 M NaCl in case the measurement was carried
out for 0.1/0.5M NaCl). Then, membrane was sandwiched between
compartments and the membrane potential measured in 0.1/0.5, 0.1/
4.0 and 0.5/4.0M NaCl solutions. The solutions were recirculated
through the compartments by two gear pumps at a flow rate of
460 ml-min~! and 25 °C. Potential difference over the electrodes was
recorded until constant values were obtained. Finally, permselectivity
(o) was calculated from the ratio between the measured membrane
potential (V) and the theoretical membrane potential (V) which
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Fig. 3. Two compartment permselectivity characterization setup.
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in which R is the gas constant (J ~mol’1K’1), T the temperature (K), z the
electrochemical valence (—), F the Faraday constant
(96485s-A-mol™), C; and C, the concentrations of the two solutions
(mol-171), and y; and y, the activity coefficients of the two solutions.
Table 1 presents the theoretical membrane potentials and the activity
coefficients for different solution pairs calculated by eq. (5). The re-
ported permselectivity values are the average of 2 repetition.

2.3.4. Resistance — electrochemical impedance spectroscopy

To measure ionic resistance, electrochemical impedance spectros-
copy (EIS) experiments were conducted with a potentiostat/galvanostat
assisted with a frequency response analyzer (Metrohm Autolab
PGSTAT302 N) as described elsewhere [35]. A home-made cell having
two compartment and four electrodes allowing 3.14 cm? active mem-
brane area was designed for ionic resistance characterization (Fig. 4).
The planar electrodes (working and counter electrode) were made of Ag
while reference electrodes (sense and reference electrode, immersed in
Haber-Lugging capillaries filled with 3M KCl) were Ag/AgCl from
Gamry Instruments; the Haber-Luggin capillaries were filled with KCI
3 M. The cell was operated inside of a Faraday cage to avoid the external
disturbance.

Each cell compartment was fed with a separate gear pump that
recirculates 1 L solution at a 460 ml/min flow rate and 25 + 2 °C tem-
perature. The solution concentration in both compartment were same;
0.1, 0.5, 1.0, 2.0 or 4.0M NaCl solution. The cation exchange mem-
branes were conditioned in the test solution for at least 16 h.

Alternate current in the frequency range of 1000-0.01 Hz with a
10 mV signal amplitude was generated through the planar electrodes
and the response of the membrane-interface system was recorded by
measuring potential drop over the membrane. Fig. 5 shows the

Table 1
Activity coefficient and theoretical membrane potential of solution pairs.

Concentration (M Activity Test solution pair Theoretical AV
NacCl) coefficient [36] (M NaCl/M NacCl) (mV)
=)
0.1 0.778 0.1/0.5 37.9
0.5 0.681 0.1/4.0 96.0
4.0 0.815 0.5/4.0 58.0
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Fig. 4. EIS characterization cell.

Redl Rdbl

Fig. 5. Equivalent circuit used to fit EIS spectra.

equivalent circuit model fitting the collected data. The equivalent circuit
includes solution plus membrane (m + s) resistance represented by a
resistor, the electrical double layer (edl) represented by a parallel
resistor and capacitor, and the diffusion boundary layer (dbl) resistance
represented by a resistor and a constant phase element. Before and after
each experiment, a blank experiment (without the membrane) was
repeated under same conditions to measure solution resistance. Then,
the areal membrane resistance was calculated by subtracting the
average solution resistance from Ry, s and multiplying it by the active
membrane area. Each experiment was repeated at least two times and
the average data was reported.

2.3.5. Morphology

The cross-sections of membranes were observed by EVO MA10 Zeiss
scanning electron microscopy. Top-layer cross-section images at 20000
magnification were captured for sPES membranes.

2.3.6. Reverse electrodialysis stack

The lab-scale electrodialysis cell (PCCell 200) provided by PCCell
GmbH (Germany) was used in reverse electrodialysis mode to charac-
terize electrochemical performance of the stack equipped with afore-
mentioned CEMs paired with AMX (Neosepta, Japan). CEMs were cut
into 26.2 x 12.5cm? pieces to fit 500 pm thick spacers which allows
207 cm? active area. The electrode compartments include anode and
cathode made of inert Pt/Ir-coated Titanium mesh. The electrode com-
partments were separated from central compartments by CMX
membranes.

Feed solutions were prepared by dissolving appropriate amount of
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NaCl in deionized water (PURELAB, Elga LabWaters, 0.055 mS-cm™ D).
The composition of aqueous electrolyte solution was: 0.3 M potassium
ferricyanide, 0.3 M potassium ferrocyanide and 2.5 M sodium chloride
(Sigma-Aldrich S.r.1., Italy).

The performance of the SGP-RE unit was investigated at 25 °C and
linear flow velocity of concentrated (4 M NaCl) and diluted (0.1 M NacCl)
compartments were 3 cm s~ . Flowrate of electrolyte solution was fixed
to 15L-h~!. Solutions were fed by Masterflex L/S digital peristaltic
pumps (Cole-Palmer, US) and conditioned to desired temperature by a
refrigerated/heated circulating bath (PolyScience, US) before entering
the stack.

A high dissipation five-decade resistance box (CROPICO, Bracken
Hill, US) was used to load the stack. DC voltage drop across the stack was
measured by a 3! digital multimeter with accuracy of 70.5% in the
range of 200 mV to 200 V (Velleman, DVM760, Belgium), and the cur-
rent flowing across the load resistors was measured by 6% digit multi-
meter (Agilent, 34422A, Italy).

The open circuit voltage (OCV) and the total resistance of stack Rgtack
(Q) were calculated from graphical method by using the linear corre-
lation between voltage and current:

V(I) =0CV — Ryerl 6)

Similarly, maximum gross power density P4 (W/m?) was calculated
by using parabolic correlation between power density and current
density i (A/m>):

Py(i) = ai* + bi )

and maximum value obtained from following equation:

bZ

-0 (8)

Pgmax =

3. Results and discussion

Our results are reported and discussed in four distinct sections.
Initially, findings on the physical membrane properties of the novel sPES
membranes are presented and compared with the commercial CMX and
Fujifilm membranes. In the second part, the trend of membrane perm-
selectivity for various ionic gradient is discussed, while in the third part
membrane ionic resistance measurements are elaborated. Finally, in the
fourth section, reverse electrodialysis power densities are measured for
the newly developed membranes and compared with commercial
reference membranes.

3.1. Physical membrane properties

Relevant properties of lab-made homogeneous cation exchange
membranes and reference commercial membranes were characterized in
order to estimate their potential for RED. Results are reported in Table 2.
CMX, a commercial CEM manufactured by Astom Corp. Ltd., Japan, is
one of the most investigated membrane under RED conditions due to its
good permselectivity, ion conductivity and mechanical stability. The
backbone of CMX is made of sulfonated polystyrene-divinylbenzene and
it is reinforced by a polyvinyl chloride support [37].

The measured electro-physical properties of CMX showed a good

Table 2

Some membrane properties.
Membrane  Thickness® 1EC Water Charge Presence

(pm) (meq-g~1) uptake density” of
(%)* (mol/L) support

sPES-P 83+6 1.15+0.02 67.2+0.5 1.7 £0.06 No
sPES-D 63+6 1.19+0.04 28.0+0.4 4.3+0.57 No
CMX 166 +1 1.61+0.03 25.5+0.1 6.3+£0.23 Yes
FUJI-CEM 121 +1 1.96 +0.02 549+1.4 3.6 £0.27 Yes

 Values are given at 0.5 M NaCl.
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agreement with previously reported data. Dlugolecki et al. (2008)
detected IEC, water uptake and the thickness as 1.62 meq- g_l, 18% and
164 pm [23]. Similarly, Safranova et al. (2016) studied CMX and re-
ported 1.78 meq- g~ ! IEC, 17% water uptake and 175 pm thickness [37].

Fuji-CEM-Type 1, which is reinforced by a hydrated polyolefin sup-
port, was characterized as a second benchmark cation exchange mem-
brane. Again, a good agreement was observed with previously reported
properties, 61% water uptake and 125pm thickness while IEC was
measured to be 14% higher [38].

sPES-P and sPES-D were prepared on a glass support by using sul-
fonated polyethersulfone without any reinforcement or crosslinking
agent (the abbreviations P and D refer asymmetric membrane with non-
connected pores and dense membrane, respectively). The measured
values of IEC for sPES-P and sPES-D were similar (only a slight difference
of 3.5% was observed) and comparable to the IEC value of 1.19 meq-g !
provided by the manufacturer of sulfonated polyethersulfone. The final
cross-section morphology of these membranes, prepared by solvent
evaporation and immersion precipitation, are shown in Fig. 6a—c and
Fig. 6b-d, respectively. As expected, the membrane prepared by the
solvent evaporation exhibited a dense structure, without visible porosity
at micrometric scale; this was supported by the transparency of sPES-D
at a visual inspection. On the other hand, an open-structured membrane
was formed when immersion precipitation method was used, with
asymmetrically distributed pores with diameter lower than 1 pm and not
interconnected. The white color of the film was also an indirect impli-
cation of this morphology. The final thicknesses of sPES-D and sPES-P
membranes were significantly lower than commercial membranes.
Since the membrane thickness is proportional to the resistance, thin
membranes are beneficial to boost the RED performance in the
circumstance that interfacial resistances and solution resistances are not
dominant over membrane resistance. Although a recent study revealed
that the effect of membrane thickness on RED performance is not sig-
nificant for mimicked seawater/river water mixing [39], for more
concentrated ionic streams it is certainly expected that thinner mem-
branes will allow better performance.

Although sPES-D and sPES-P were made of the same polymer,
noticeable difference on water uptake values were observed; in partic-
ular, the observed 2.4 fold increase for the sPES-P membrane is coherent
with its morphology. In an ion exchange membrane, fixed ionic groups
attract the water and form a hydration shell around them. For sPES-D
exhibiting a dense structure, it is expected that all the water released
during drying the membrane is associated to hydration shell. However,
for sPES-P, entrapped water within pores and interstitial gaps also
contributes to water uptake. Therefore, the interpretation of the electro-
physical properties of sPES-P membrane, over the measured water up-
take and charge density values in Table 2, can be misleading since the
entrapped water cannot be immediately related to intrinsic electro-
physical properties of the polymer.

Immersion precipitation or solvent evaporation are normally not the
most preferred manufacturing methods for ion exchange membranes
despite their wide acceptance in industrial practice. Since the fixed
charged moieties of polymer matrix attract the water, having a self-
standing polymer film becomes more difficult with increasing ion ex-
change capacity [28]; moreover, polymers can become water soluble at
an extreme IEC. Therefore, a mechanically weak and gel-like structure is
formed when the content of fixed charged groups is too high. In this
study, to overcome this problem, a sulfonated polyethersulfone with a
relatively low IEC (1.19 meq-g~ ') was selected, whereas the IEC of the
commercial CEMs is usually significantly higher. For example, IEC of
Selemion CMV and Fumasep FKE were measured as 2.01 and 1.36
meq-g~, respectively [23] while, in this study, Neosepta CMX and
Fujifilm Typel were 1.61 and 1.96 meq-g~*. Although, the lower IEC of
our membranes could lead to inferior performance, we are convinced
that the significantly lower cost associated with easy manufacturing
methods and the lack of a required support, still make these membrane
highly attractive.
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Fig. 6. Cross section of SPES-D membrane at; a) 3000x, ¢) 20000x; cross section of SPES-P membrane at b) 3000x, d) 20000x.

It is known that the concentrated salt solutions act as a non-solvent
for polyelectrolytes [40], since the repulsive electrostatic interactions
between fixed charge groups force the polymer to form a stretched
configuration in a low ionic strength solution. Conversely, a high ion
concentration of the coagulation bath shields the fixed charge groups
electrostatic repulsion, so the polyelectrolyte segments reorganize itself
from soluble to insoluble arrangement and it precipitates. Therefore,
5M NaCl solution was used to induce phase separation: excess Na™ ions
shielded fixed SO3 groups of sPES and a white film was precipitated.

Besides electrochemical properties, mechanical stability of IEMs is
also very important, considering that expected life time is 5-10 years
under different feed concentrations, and especially when membranes
are exposed to hypersaline brines. From a practical point of view, sPES
membranes were able to withstand the conditions of RED experiment
and all physical and electrochemical characterization carried out in this
study, although the thickness of lab-made membranes was relatively
low. Since commercial membranes were prepared with a support, their
thickness is limited to the thickness of support; on the other hand, the
thickness of lab-made membranes can be easily arranged by setting
casting thickness.

For a feasible RED operation, the price of the ion exchange mem-
branes is required to be less than 2 €/m? [27]. Immersion precipitation
can be beneficial to reduce IEM price to this desired value by consuming
less material during the membrane manufacturing step when it is
compared to solvent evaporation. Casting thickness/final thickness ratio
for sPES-D and sPES-P were 7.9 and 3.0, respectively; thus, approxi-
mately 2.6 times less material is required to prepare a membrane with
the same thickness. In addition, low IEC of sPES (1.19 meq-g’l) is ex-
pected to reduce cost in the sulfonation step.

3.2. Permselectivity

The membrane permselectivity indicates the ability to select counter
ions over co-ions; most of the commercial ion exchange membranes
have a permselectivity higher than 0.90. Previous studies showed,
however, that the membrane permselectivity strongly depends on the
concentration of the test solutions. Although the permselectivity can be
close to the ideal value of 1.00 in diluted solutions, more realistic pro-
cess solutions or brines can lower the permselectivity [41]. Therefore,
CEMs were tested in different concentration gradients, i.e. 0.1/0.5,
0.1/4.0 and 0.5/4.0 M NaCl solution pairs.

Fig. 7 compares the permselectivity data of CMX, Fuji-CEM, sPES-P
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Fig. 7. Permselectivity of sPES-P, sPES-D, Fuji-CEM and CMX at different NaCl
concentrations (temperature: 25 °C, flowrate: 460 ml/min).

and sPES-D versus different NaCl gradients at 25 °C. In standard solution
(0.1/0.5 M NaCl), the measured permselectivity for CMX was practically
ideal (¢ =1.00), while for Fuji-CEM and sPES-D it was a little lower at
0.95, and for sPES-P it was 0.84. The high charge density (6.3 mol/L) of
CMX leads to excellent co-ion exclusion and allows only counter ions to
pass, while the moderate charge density of sPES-D and Fuji-CEM causes
some co-ion transport from the high to the low concentration
compartment. On the other hand, low permselectivity of sPES-P can be
attributed to its porous structure which causes inefficient Donnan
exclusion due to presence of defects or occurrence of interstitial con-
centration polarization.

Increasing the concentration gradient to 0.1/4.0 M NaCl caused a
notable decrease in the permselectivity of all membranes. Loss in
permselectivity by 9%, 19%, 24% and 44% was observed for CMX, sPES-
D, Fuji-CEM and sPES-P, respectively. Similarly, increasing the low
compartment concentration (0.5/4.0M NaCl) further reduced the
permselectivity of all CEMs.

A correlation exists between permselectivity, charge density and
solution concentration. For a dilute, ideal and monovalent electrolyte
solution, Donnan equilibrium can be simplified to following equation
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[42]:

" = <o (9)

where C™, is co-ion concentration in the membrane phase, C, is co-ion
concentration in the solution interface and C™gy is the fixed charged
group concentration of the membrane. Consequently, an efficient
Donnan exclusion can be obtained at low feed concentration and high
charge density because the co-ion concentration of the membrane is
expected to be low. Accordingly, the decreasing permselectivity with
increasing feed concentration as well as increasing permselectivity with
increasing charge density can be explained by expected effect related to
Donnan exclusion theory.

3.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is a powerful character-
ization method to quantify and distinguish membrane and solution
resistance (Rys), diffusion boundary layer (Rqp) and electrical double
layer resistances (Req)) at different alternating current frequencies. The
membrane and solution resistance can be represented as a resistor
(Fig. 5) and its response is obtained at high frequency. The fixed groups
on the membrane surface attract oppositely charged ions from the so-
lution and form the electrical double layer which can be represented as a
parallel resistor and a capacitor: the response can be observed in the
Nyquist plot with a semi-circle at medium frequency. The diffusion
boundary layer is related to different ion transport numbers in the
membrane and the bulk phase; just as the electrical double layer, the
diffusion boundary layer gives a semi-circle pattern in the Nyquist plot
at low frequency. It can be represented as a pair of a resistor and a
constant phase element in the equivalent circuit [43].

Fig. 8 illustrates CMX, Fuji-CEM, sPES-P and sPES-D responses to AC
current in 0.01-1000 Hz range in Nyquist plot with 0.5 M NaCl solution
recirculated at 460 ml/min and 25°C. Rp,.¢ values were measured at
1000 Hz where the curve intersects Z’ axis, which represents the real
part of the impedance. At this condition, Ry s order for CEMs were:
CMX > Fuji-CEM > sPES-D > sPES-P. Similarly, the total non-ohmic
resistance can be compared roughly by investigating the magnitude of
the curves in the Z” axis which is the imaginary part of the impedance.
Non-ohmic resistance of sPES-P was significantly less than the other
CEMs while dense CEMs resulted in comparable values.

The Nyquist plots of sPES-P at different NaCl concentration are
shown in Fig. 9 after substracting Ry (5. As can be seen from the 0.1 M
NaCl data the Nyquist curve has two overlapping semi-cycle: the one at
higher frequency belongs to the electrical double layer and its resistance
was less significant. On the other hand, the diffusion boundary layer was
prevalent especially at low concentration. Increasing the solution con-
centration from 0.1 to 2.0 M NaCl reduces the magnitude of Req; and
Rgpl, and non-ohmic resistance contribution became insignificant
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Fig. 8. Nyquist plot of CMX, Fuji-CEM, sPES-P and sPES-D at 0.5M NacCl so-
lution (temperature: 25 °C, flowrate: 460 ml/min).
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Fig. 9. Nyquist plot of SPES-P for 0.1, 0.5, 1.0 and 2.0 M NacCl solution at 25 °C
and 460 ml/min (membrane + solution resistance R, s is substracted).

compared to the membrane resistance. The electrochemical character-
ization of CMX by Dlugolecki et al. (2010) revealed that Rgp was
dominant over Ry, in 0.017 M NaCl, while in 0.5 M NaCl, the dominant
resistance became R;,. However, it is also stated that Ry, can be
decreased 3-4 times by increasing the flow rate from 100 to 800 ml/min,
while Ry, and Req) were independent of flow rate [20].

The bar chart in Fig. 10 summarizes the resistance analysis results
after fitting the impedance spectroscopy data to the equivalent circuit
(Fig. 5). Among the investigated CEMs, and for all concentrations, the
highest and the lowest membrane resistance were obtained for CMX and
sPES-P, respectively, whilst Fuji-CEM and sPES-D resulted in moderate
and comparable membrane resistance. For Fuji-CEM and sPES-D, Ry, did
not show a clear trend and remained stable between 1.00 and
1.20 Q- cm? range with varying concentration. On the other hand, CMX
resistance increased from 1.69 to 2.64 Q.cm? and sPES-P resistance
decreased from 0.48 to 0.22Q-cm? when the concentration was
increased from 0.1 to 4.0 M NacCl.

Membrane properties such as thickness, water uptake and charge
density are associated to ionic resistance [39,44]. Having low thickness
and an open structure with non-connected pores, sPES-P exhibited the
lowest ionic resistance. When sPES-D and CMX membrane resistance is
compared, even though CMX had a higher charge density, sPES-D
resulted in a lower resistance due to higher water uptake and signifi-
cantly lower thickness. On the other side, when comparing Fuji-CEM
and sPES-D, it can be concluded that high water uptake of Fuji-CEM
compensates the decrease on resistance due to its high thickness and
low charge density. Therefore, both CEMs had comparable ionic
resistance.

It is possible to conclude a tradeoff relationship between the perm-
selectivity and the resistance. Geise et al. (2013) studied the electro-
chemical properties and structure property relationship of anion
exchange membranes and attributed the resistance-permselectivity
tradeoff to the water volume fraction of the membranes. Membranes
absorbing more water resulted in low permselectivity and low ionic
resistance and vice versa [44]. Similarly, in this study, the resistance and
the permselectivity increased with decreasing water uptake value (see
Table 2).

Fig. 10 indicates that, at low concentration (i.e. 0.1 M NaCl), non-
ohmic resistances can be as dominant as ohmic resistance: 64%, 47%,
46% and 42% of total resistance were contributed by non-ohmic re-
sistances for sPES-P, sPES-D, Fuji-CEM and CMX, respectively. Even
though the highest percentage was obtained for sPES-P, the lowest non-
ohmic resistance was measured for sPES-P at all concentrations. The
contribution of the electrical double layer to the overall non-ohmic
resistance ranged from 6% to 9%, and for a solution concentration
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Fig. 10. Comparison of Ry, Redi and Rgp of CEMs at different concentrations.

greater than 1.0 M NaCl, it reduced to less than 1%. Rgp diminished
progressively until becoming insignificant at high concentrations: 0.01,
0.03, 0.06 and 0.08 Q-cm? of Rgp) were measured for sPES-P, sPES-D,
CMX and Fuji-CEM in 2M NacCl, respectively. These results were in
accordance with other studies reported in literature. Fontananova et al.
(2017) characterized Fuji-CEM 80050 at varying NaCl concentration. At
0.1 M NaCl, more than 50% of the total resistance was contributed by
non-ohmic resistance at 275 ml/min and 25 °C; however, it reduced to
5% approximately, when 4.0 M NaCl was recirculated as test solution
[45]. In a study by Galama et al. (2014), non-ohmic resistance of CMX
was found to contribute by 51% and 11% to the total resistance in 0.1
and 1.1 M NacCl solutions, respectively, with flow rate of 170 ml/min
and temperature of 25 °C [46].

3.4. Reverse electrodialysis performance

Fig. 11 illustrates the polarization curves of RED stack installed with
CMX, Fuji-CEM-Typel, sPES-D and sPES-P for 0.1/4.0 M NacCl solution
at 25°C.

The open circuit voltages were measured as 0.314V, 0.305V,
0.298V and 0.291V for sPES-D, CMX, Fuji-CEM-Typel and sPES-P,

0.32
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Fig. 11. Voltage vs. current for 0.1/4.0 M NaCl at 25 °C.

respectively. Although, permselectivity of CMX was superior (see
Fig. 7), surprisingly, OCV of CMX was found lower than sPES-D. This
discrepancy could be attributed to high diffusion boundary layer resis-
tance of CMX; Rapl,cmx and Rgp, sprs-p in 0.1 M NaCl were 1.16 and
0.81 Q, respectively (see Fig. 10). So, due to higher Rgpl,cmx, concen-
tration gradient across the membrane and therefore OCV is lowered.

The stack resistances (Rgack) varied from 0.229 Q to 0.194 Q with a
decreasing order of CMX > sPES-D > Fuji-CEM-Typel >sPES-P. Stacks
equipped with CMX and sPES-P were in accordance with the afore-
mentioned electrochemical impedance results (see section 3.3). On the
other hand, Rgack Of s-PES-D was 10% higher than Rgiack of Fuji-CEM-
Type while impedance results indicated their resistance were compa-
rable for 0.1 M and 4 M NaCl. It is worth noting that solutions at the
same concentration were circulated on both surface of the membrane
during impedance experiments while membranes were exposed to 0.1/
4/0 M NaCl concentration gradient under RED conditions. It is therefore
likely that the membrane resistance can vary under RED operation. For
example, Galama et al. (2014) investigated the resistance of CMX in 0.1/
1.1 M NaCl were 3.87 Q cm?, whereas it was 5.74 Q cm? and 3.04 Q cm?
in 0.1/0.1 M NaCl and 1.1/1.1 M NaCl, respectively [46].

Fig. 12 compares the gross power density (Pq) of CMX, Fuji-CEM-
Typel, sPES-D and sPES-P for 0.1/4.0 M NaCl. The highest measured
P4 was 3.92 W/,Zn,Mp for sPES-D while the lowest was 3.23 W/Zm,Mp for
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Fig. 12. Power density of CEMs for 0.1/4.0 M NaCl at 25 °C.
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CMX. In addition, utilizing Fuji-CEM-Typel and sPES-P resulted in 17%
and 13% higher power density than CMX. Although, CMX and sPES-P
were superior CEMs regarding permselectivity and resistance, respec-
tively, they are outperformed by Fuji-CEM-Typel and sPES-D. There-
fore, P4 results indicates that an optimization of permselectivity and
resistance is essential for the RED [EMs design.

4. Conclusions and outlook

In this study, a sulfonated polyethersulfone (sPES) polymer with 1.19
meq-g ! IEC was used to prepare membranes by solvent evaporation or
immersion precipitation phase inversion methods, obtaining dense
(sPES-D) or asymmetric membranes with non-connected pores (sPES-P),
respectively. To our knowledge, for the first time sPES lab-made CEMs
were prepared and characterized for their RED potential, with specific
focus on operations at high salinity gradients in order to exploit the
potential of hyper-concentrated brines. Beside lab-made membranes,
commercial Neosepta CMX and Fujifilm CEM Type 1 were characterized
at the same conditions as reference.

RED gross power densities pointed out that sSPES membranes can
represent an interesting alternative to the present commercial mem-
branes. Interestingly, with respect to benchmark membranes, higher
power density was obtained for lab-made sPES membranes with
brackish water (0.1 M NaCl)/hypersaline brine (4 M NaCl) feeds. In the
light of these results, it can be concluded that there is a real opportunity
to further optimize sPES based membranes for RED.

Besides the preparation of novel RED membranes, the membrane
materials and techniques used in this study might have the potential to
overcome the economic barriers that work against RED commerciali-
zation. Presently, the price of the IEMs is considered as one of the most
challenging limitation in the renewable energy market. In this work,
sPES membranes were manufactured from polyethersulfone, a relatively
cheap hydrocarbon polymer, using very simple and easily scalable
production approaches. Therefore, a cheap production line could be
created that would require less raw material (thinner membranes) and
no supports, with strong potential to decrease the CEM price to the
targeted threshold of 2 €/m2. Moreover, power generation in RED is the
product of the potential difference and the current density. The potential
difference and the current density are proportional to membrane
permselectivity and conductivity, respectively. Therefore, ion exchange
membrane optimization based on permselectivity/resistance tradeoff is
expected to reduce the cost of produced power for a unit membrane
area.
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