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ABSTRACT

The desalination process parameters like current efficiency (CE), energy consumption, and
acid-base production for the fabricated bipolar membrane (BPM) electrodialysis unit (five
compartments of 120 cm? active areas) were investigated in this paper using monopolar-
and bipolar-based ion-exchange membranes (IEMs). Also, the performance of the fabricated
unit in removing NaCl was assessed in terms of salinity. Polystyrene-ethylene-butylene—
polystyrene was functionalized to prepare the monopolar and bipolar IEMs. In the case of
BPM, platinum was used as the intermediate layer. The synthesized IEMs were character-
ized thermally and by contact angle measurements. A commercially procured monopolar
and bipolar ion-exchange membrane made of polystyrene-divinylbenzene was also evalu-
ated for the purpose of comparison. The electrodialysis process using these IEMs reached
the highest CE of 66 and 38% with the lowest energy consumption of 0.24 Wh and 1.60 Wh
for the synthesized and commercial membrane, respectively.

Keywords: Brine solution; Bipolar membrane; Platinum; Salinity measurement; Water

splitting

1. Introduction

Water is the elixir of life. Next to oxygen, water is
the most important substance essential for sustaining
human life. Water resource in general, can be divided
into conventional and non-conventional sources and is
distributed throughout the world in different forms.
But in India, there are many villages and towns which
do not have adequate and reliable sources of drinking
water of required qualities. Thus, governments
focused their attention toward effective use of existing
resources or to find an alternative source for drinking
water from other water bodies such as brackish water,
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sea water, and sewage water using suitable techniques
like desalination in order to restrict water demands.

Desalination is used worldwide as a reliable source
of fresh water supply since seawater is principally an
unlimited source. Desalinated water is often the last
resort for many countries to overcome water shortages
and it can also be used for watering municipal
gardens, agricultural fields, and for certain industrial
processes. The maintenance cost of the installed
desalination plants was expected to be relatively
expensive since it uses multi-compartment membrane-
based electrodialysis (ED) technique [1] which has
been seen historically as a very energy intensive
process.
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During the past 25 years a lot of work has been
done in the field of ion-exchange membranes (IEMs)
for their applications in industrial effluents treatment
and desalination of sea and brackish water. In general,
IEM can be either monopolar or bipolar in nature. The
advantage of the ED process over reverse osmosis is
the elimination of secondary salt pollution by recover-
ing the ions in the form of acid and base solutions
along with the salt removed from the feed solution by
making use of monopolar and bipolar ion-exchange
membranes [2,3]. Bipolar membrane electrodialysis
(BPMED)-based desalination technique is nothing but
a combination of conventional ED and water dissocia-
tion feature due to the presence of catalytic intermedi-
ate layer (IL) in a bipolar membrane (BPM).

The presence of heterogeneous materials like ion-
exchange resin (IER) particles in a non-conducting
polymer matrix of an IEM [4] along with the catalytic
intermediates like weak acid such as phenolic, car-
boxylic acid, or phosphoric acid groups [5] and its cor-
responding base, inorganic substances such as Mg, Ni,
Co, Mn, Cu, Fe, and Al [6], metallic compounds such
as ruthenium trichloride, chromic nitrate, indium sul-
fate, and hydrated zirconium oxide, [7,8], heavy/noble
metal ions like Cr*, Fe?*, Ag, Au, Pt, Pd, Os, Rh, Ti,
Sn, Zr, Pa, and Ru [9,10], macromolecules such as
polyethylene glycol [11], polyvinyl alcohol [12], and
bovine serum albumin containing both carboxylic and
amino groups [13], and starburst dendrimer polyami-
doamine [14] in between the cation-exchange layer
(CEL) and anion-exchange layer (AEL) of BPM as IL;
usually results in BPM with higher mechanical stabil-
ity [15] with improved water dissociation effects when
compared with the BPM prepared using lamination of
CEL and AEL alone without any IL.

In the present work, we have prepared monopolar
(cation exchange (CEM) and anion exchange (AEM))
and bipolar (with platinum (Pt) as IL) IEMs with resin
and glass fiber reinforcements using polystyrene—ethy-
lene-butylene-polystyrene (PSEBS) polymer. The pre-
pared IEMs were characterized using TGA, contact
angle, and some laboratory techniques. The water
dissociation capacity of the prepared BPM with Pt
intermediate was tested in a two-compartment electro-
dialytic cell. The membranes were evaluated for their
desalination efficiency on diluted real sample brine
solution of approximately 10,000 ppm up to 8 h. The
stack performance using the synthesized membranes
was compared with that of the commercial polystyr-
ene—divinylbenzene-based (PSDVB) IEMs under simi-
lar experimental conditions. In addition, the decrease
in salinity of the feed water was also observed.
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2. Experimental methodology
2.1. Required materials

Chlorosulfonic acid, tributyl phosphate, and
paraformaldehyde were obtained from Lancaster and
Central Drug House (CDH), respectively. Triethyl
amine, chloroform, conc. HCl, and NaOH were
obtained from Spectrochem. Tetrahydrofuran (THF)
and methanol were purchased from Merck. Commer-
cial strong acid cation-exchange membrane (CMI-
7000S) and commercial strong base anion-exchange
membrane (AMI-7001S) were procured from Mem-
branes International INC, New Jersey, USA. While,
BPM made up of PSDVB represented as BPM-II were
procured from Arun Electro chemicals, Chennai. Glass
fiber was purchased from Meena glass fiber industry.
Seralite (Cation-Exchange resin (CER)— equivalent to
Amberlite IRC-120, 20-50 mesh standard grade), Ser-
alite (Anionic-exchange resin (AER)—equivalent to
Amberlite IRA-400, 20-50 mesh standard grade), and
zinc chloride were obtained from Sisco Research
Laboratory Pvt. Ltd, (SRL). Platinum chloride (Pt) and
poly(styrene—ethylene-butylene-polystyrene  triblock
copolymer (PSEBS) (M,, = 89,000, M,,/M, < 1.06) was
purchased from Aldrich (USA).

2.2. Preparation of reinforced IEMs

Cationic and anionic functionalized ionomers or
sulfonated polystyrene—ethylene-butylene—polystyrene
(SPSEBS) and quaternized polystyrene—ethylene—
butylene-polystyrene  (QPSEBS) ionomers were
obtained as per the procedure explained in the S1 sec-
tion of supporting information [16]. To enhance the
ion-exchange capacity (IEC), firmness, and strength of
the non-reinforced membranes, it was reinforced with
resin and glass fiber. Reinforced cationic exchange
membrane (RCEM) or reinforced sulfonated polystyr-
ene—ethylene-butylene—polystyrene (RSPSEBS) and
reinforced anionic exchange membrane (RAEM) or
reinforced quaternized polystyrene—ethylene-
butylene—polystyrene (RQPSEBS) based on PSEBS
polymer was prepared by first dispersing a specific
quantity (from 10 to 70%) of dried (60°C for 24 h in an
oven) and crushed CER/AER in either SPSEBS/
QPSEBS-THF solution for 12 h using magnetic stirrer
at room temperature. In order to break the aggregates
and to obtain a uniform dispersion, the solution was
sonicated for 30 min. Then, the solution was cast on a
clean glass petridish and the glass fiber matrix was
placed to get immersed in the solution before drying
in the oven for 24 h at 45°C.
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The obtained membranes with various resin
content were subjected to conductivity studies as
described in the supporting information S2 and from
Table S1, it was observed that the conductivity of the
prepared membranes increased with increase in IER
loadings below 50%, beyond which the membranes
became brittle. Hence, the resin loading was opti-
mized at 40% for both resins [17]. Reinforced bipolar
membrane (RBPM, ie. RPSEBS-Pt) was prepared
using RCEM (RSPSEBS) and RAEM (RQPSEBS) as
CEL and AEL, respectively. The AEL and CEL layers
were cut into pieces of 10 x 12 cm size, pretreated
using 1 M NaOH and 1 M HCI solutions, then finally
equilibrated with 2 M NaCl solution, washed with dis-
tilled water and dried. Then, on one side of both CEL
and AEL layers, a platinum chloride solution contain-
ing approximately 6 mL of 0.12 g of Pt was coated to
form the IL. Finally, the IL-coated side of both layers
(CEL and AEL) were sandwiched and subjected to hot
press for 5 min at a temperature and pressure of about
64°C and 3 ton, respectively, to finally obtain RBPM-Pt
represented as RPSEBS-Pt-based IEM system or sim-
ply BPM-I system.

2.3. Characterization of reinforced IEMs

The incorporation of resin into functionalized
PSEBS membrane was confirmed with Perkin Elmer
RX I FTIR spectrophotometer and the discussion
about the obtained spectra has been already reported
in [18]. The thermal stability of the prepared mem-
branes was studied using SDT Q 600 US analyzer
(ASTM E1131) under a nitrogen atmosphere with a
heating rate of 20°C/min from room temperature to
700°C. The average contact angle “0” of 3 pL distilled
water droplet obtained using a motor-driven syringe
on the surface of polymers which was attached to
the glass slides using a double-sided adhesive tape
was measured at RT and the hydrophilic and
hydrophobic nature of the membranes was
determined using Goniometer-sessile drop meter
GBX-Digi-drop wetting and spreading studies. The
conductivity of the membranes was determined
using impedance spectroscopy as described in the
supporting information S2. Water absorption and
IEC for the prepared membranes were measured
using the similar procedure as discussed earlier [19].
The chemical stability of membranes was analyzed
by accelerating the degradation process using a solu-
tion containing 4 ppm of ammonium iron (II) sulfate
hexahydrate and 15ml of H,O, (%) (Fentons
reagent) in 500 ml of distilled water at 60°C for
about an hour.
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2.4. Construction and working of multi-compartment ED
stack

The five-compartment BPMED unit (Fig. S1(b) of
supporting information) used in the study for the
determination of IEM performance toward brine
desalination was supplied by Arun Electrochemical,
Chennai. The same instrument was altered into two
compartments setup for the determination of BPM
efficiency (Fig. S1(a) of supporting information) [18].
The cathode and anode electrodes used were stainless
steel and Ti coated with Ti-Ru-Pd oxides, respec-
tively. The two electrodes were connected to a DC
power supply. The active membrane area of each
membrane and volume of each chamber was about
120 cm® and 160 cm®, respectively. Each compartment
was connected to a tank of 1-L capacity of the distilled
water solution, allowing for batchwise recirculation
mode operation of external solutions using sub-
mersible pumps. The configuration of the membrane
arrangement in the multi-compartment ED stack is in
the order BPM-AEM-CEM-BPM in between the elec-
trodes. And the five compartments of the BPMED unit
were EC-AC-FC-BC-EC (where, EC stands for elec-
trolyte compartment placed at the two extremes, adja-
cent to the electrodes; FC stands for feed compartment
where the sample to be treated was circulated; AC
and BC stands for acid and base compartments,
respectively, placed adjacent to the feed compartment
on either side) as represented in Fig. S1(b) of support-
ing information.

In order to minimize the cell voltage generated
during the initial stages of the performance, dilute
HCI (0.01 N) and dilute NaOH (0.01 N) solutions were
used in AC and BC, respectively. And, 0.05Mol/L of
NaCl solution was used in each EC. Because at lower
concentrations, higher resistances between membranes
resulted and at higher concentrations, the selective
nature of the IEMs became lower. The experiments
were carried out at the initial voltage of 10 V. During
the performance, at every 15 min time interval, pro-
cess parameters such as pH and acid-base concentra-
tion of the solutions in various compartments were
determined using a pH meter (Hanna HI 96107
pocket-size pH meter) and standard acid-base titration
procedure, respectively. In addition, other parameters
such as energy consumption, current efficiency (CE),
transport number (T. No.) of ions, water dissociation
efficiency (WDE), and water dissociation fluxes were
determined using the same set of equations as dis-
cussed in S3 section of supporting information [20,21].
After 8-h treatment, the feed sample was analyzed for
their salinity using WTW LF 197-S EC meter.
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3. Results and discussion
3.1. Thermogravimetric analysis

The TGA curves of the reinforced monopolar and
BPMs are shown in Fig. 1. The reason for the various
degradation steps observed at certain temperatures for
the membranes such as pristine polymer (PSEBS),
reinforced monopolar (RSPSEBS and RQPSEBS), and
commercial BPM was already discussed in our earlier
report [18]. In addition, the TGA curve of BPM-I
(RBPM-Pt), as observed from Fig. 1(d), exhibited four
stages of degradation. The first weight loss was
observed up to 184°C which was attributed to the
removal of physically and chemically bonded water
along with the trace amounts of solvent from the poly-
mer matrix. The second loss observed beyond 260°C
was due to the removal of both sulfonic and quater-
nary ammonium functional groups from the polymer
backbone. The third weight loss occurring at tempera-
ture between 316 and 395°C may be due to the
removal of an intermediate molecule along with
loosely bound IER particles present on the surface and
from the reinforced polymer matrix. The fourth weight
loss which was observed beyond 430°C represents the
degradation of reinforced fiber along with polymer
main chain from the matrix.

3.2. Contact angle measurement

From the contact angle values, it was identified
that the introduction of functional group converts the
pristine PSEBS polymer (84.39°) into a hydrophilic
polymer with a smaller contact angle as studied by

100
(c)
80 -
s (d)
< (b)
S 60~
&
= (a) PSEBS
s 401 ~—— (b) RSPSEBS
2 (c) RQPSEBS
&l ———(d) RBPM-Pt
(e) BPM-PSDVB
o T v I v I ) T b T
100 200 300 400 500
Temperature (OC)
Fig. 1. TGA curves of (a) PSEBS, (b) RSPSEBS, (c)

RQPSEBS, (d) RBPM-Pt, and (e) BPM-PSDVB.
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Dias and de Pinho [22] and Guan et al. [23]. The con-
tact angles of the commercial monopolar membranes
such as CEM-PSDVB and AEM-PSDVB were mea-
sured to be 86.70°-93.09°, respectively. A contact angle
value for the reinforced functioned membranes such
as RSPSEBS and RQPSEBS could not be measured due
to complete absorption of water. This infers that the
increased hydrophilicity of these membranes than the
pristine membrane was due to the presence of func-
tional groups, resins, and fiber reinforcements [24]. In
order to determine the nature of Pt intermediate in
BPM, one face of the membrane was coated with Pt
solution and its contact angle was measured and was
found to be 57.64".

3.3. Chemical stability

To determine the suitability of the prepared rein-
forced IEMs and commercial IEMs in BPMED unit, all
the membranes was subjected to chemical stability test
using Fenton’s reagent. The generated peroxides
attacked the polymer chains to undergo faster degra-
dation. All the subjected samples were then checked
for their water absorption, IEC, and conductivity
values as per the standard procedures [19] and the
discussion of the observed results were reported
earlier [18]. While in the case of BPM-I, although the
reinforced fibers held the IEMs strongly, due to the
enhanced degrading mechanism, the incorporated
hydrophilic resins and functional groups that were
present on the surface leached out from the mem-
branes due to loosening of the fibers upon swelling
which resulted in lower water absorption (value of
about 66% than its initial 88%) and conductivity val-
ues (value of about 5.1 x 10°Scm™' from its initial
6.9 x107°Scm™) [25].

3.4. Characterization of BPM-I and BPM-II
3.4.1. pH variation with time

Since BPM consisted of RCEM and RAEM as CEL
and AEL layers, respectively, which were joined
together using a catalytic Pt as IL, when it was placed
in between the electrodes due to large electric field
appearing at the membrane interface, an excess OH™
and H" ions were produced by the enhanced chemical
reaction as discussed in detail in 54 section of the sup-
porting information. This then migrated through the
ion-exchange layers into the distilled water-filled
compartments resulting in the formation of acid and
base. This acid and base yields were analyzed using
the change in pH measurements. From Fig. 2 it was
obvious that with increase in time, the pH of the
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Fig. 2. Variation of pH with time in both acid and base
compartments.

solutions in the two compartments changed from its
initial distilled water value. The compartment closer to
the anode side was found to be basic in nature and the
one closer to the cathode side was acidic in nature. The
increasing trend in pH change with time confirmed
that some ions were produced newly during the perfor-
mance due to certain in situ reactions. These ions prob-
ably were protons and hydroxyl ions and formed on
either side of the BPM as a result of water splitting into
its ions under the electrical driving force between the
electrodes. This conclusion was arrived at ease as there
was no possibility of any other ions formed since only
distilled water was taken in both the compartments.

3.4.2. Concentration changes with time

The maximum concentration of 0.006 and 0.004 N
was achieved as acid and base solutions in about an
hour in the case of BPM-1 when compared to BPM-II
(beyond 2 h). In both BPMs, once the higher concen-
tration was reached in both AC and BC; decrease in
concentration was observed for BPM which exhibited
a higher leakage and was observed to get leveled off
without further rise or decrease if the leakage was not
much favored in BPM. Hence, from the above discus-
sion and from Fig. 3, it was confirmed that BPM-I
showed a better performance than BPM-IIL.

3.5. BPMED stack performance for brine desalination
3.5.1. Determination of pH changes with time

Fig. 4 represents the pH changes with time for
both BPM-I and BPM-II systems. The pH of the
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Fig. 3. Acid-base concentration in both AC and BC with
time.

solutions in FC, EC, AC, and BC was observed regu-
larly at every 15 min interval up to 8 h. In the case of
BPM-I system, the pH in FC was observed to decrease
gradually and finally become acidic in nature [26].
This is because with increase in time, higher quantities
of acid were produced due to water dissociated prod-
ucts and thereby resulting in proton leakage through
IEMs depending upon the capacity of protons to

-~ (a) EC - PSDVB
——(b) EC - RPSEBS-Pt
== (c) FC - PSDVB
——(d) FC - RPSEBS-Pt

——(e) AC - PSDVB
——— (f) AC - RPSEBS-Pt
(g) BC - PSDVB
——(h) BC - RPSEBS-Pt

12

1"

(h)

10

-
. I TR 1SS S R S T T [ S S S |

Time (h)

Fig. 4. Variation of pH in FC, EC, AC, and BC with time
for the stack performance.
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undergo back diffusion [27,28]. Due to its intrinsic
mobility in the presence of water, FC remained acidic
in nature. On the other hand, in the case of BPM-II
system, the feed solution finally became basic in nat-
ure. The difference in pH observed between the two
different systems was mainly attributed to the leakage
of ions occurring through the membranes between the
compartments in a stack. BPM-II based cell experi-
enced a greater leakage of ions from BC to FC and
thus it remained basic in nature. It was also reported
that the proton leakage through BPM-II system was
lower due to lower concentrations of acid that was
produced during the BPMED process [26]. In the case
of EC, due to the initial addition of 0.05 M NaCl solu-
tion, the pH was observed to be slightly basic during
the initial stages, which was then observed to be
decreasing with time. Though both the IEM systems
showed the final solution to be acidic, the acidity was
greater in the case of BPM-II system than that
observed with BPM-I system. The reason for this was
attributed to the higher leakage of ions through com-
mercial membrane than the synthesized membrane.

From Fig. 4, it was clear that the initial pH in AC
and BC was found to be in the range of ~2.45 and
~10.74, respectively, due to the addition of 0.01 N acid
and 0.01 N base solutions into their respective com-
partments. Moreover, the pH in both AC and BC was
found to rise marginally during the initial stage and
was not uniform because of the leakage of certain ions
into the neighboring compartments. Later, due to
higher acid production, higher acidic pH and hence
greater acid leakage were observed in the case of
BPM-I system when compared to BPM-II system.
Whereas, in the case of basic pH, both the systems
showed more or less the same pH during the initial
period of performance and later BPM-I system showed
a little lower basic pH when compared to BPM-II sys-
tem. Such a pH change in AC and BC confirmed the
acid-base production in their respective compartments
which can also be confirmed by their conductivity and
concentration measurements. This pH variation in var-
ious compartments clearly suggested that both sys-
tems possessed adequate capacity to split water into
its coions under electric fields.

3.5.2. Determination of acid and base concentrations

When the entire ED cell was under an electric
field, the Na® and Cl™ ions were continuously trans-
ported from FC into BC and AC, respectively. In addi-
tion to this, an excess OH™ and H" ions produced at
the AEL-CEL interface due to the field-enhanced
chemical reaction (as discussed in 5S4 section of the
supporting information) also permeated through the
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IELs resulting in the acid-base formation. From the
pH studies, it was evident that acid and base of cer-
tain concentrations were produced in the AC and BC,
respectively, for both the systems. From Fig. 5, it was
noted that a maximum acid concentration of 0.012 and
0.008 N was achieved for BPM-I and BPM-II systems,
respectively. Similarly, a maximum base concentration
of 0.006 and 0.004 N was achieved for BPM-I and
BPM-II systems, respectively.

The commercial BPM-II-based IEM cell was meant
for base production rather than acid production
because of higher specific permselectivity of CEM for
H" ions as reported in the literature [26]. However, in
our study, from Fig. 5, the alkalinity concentration
was observed to be lower in case of BPM-II system.
This can be more due to the higher intrinsic mobility
of H" ions than the OH™ ions and hence resulting in
higher leakage of H" ions. The T. No. of protons
through AEM increased with acid concentration which
would also lead to their lower concentration in AC.
The maximum concentration remained constant until
certain duration of time after which it decreased with
increase in processing time for both types of IEM sys-
tem. This suggested that the mass transfer of Na* and
Cl" ions through the IEM diminished due to the
decrease in NaCl concentration in the feed solution.
Together with the increase in the concentration of Na*
and Cl” ions in BC and AC, the molecular back diffu-
sion through the IEM was caused by the high concen-
tration gradient which might also hinder the transport
of Na* and CI” ions. Furthermore, the dissociation of
water molecules was also enhanced due to the second
Wien effect.

0.012 4
4 0.008
o 0.010 4
Z 4 0005 5
- s
2 0008 §
- 40,004 .2
- ]
- A
G 0006 t
g S8 {0002 §
1*
§ :
o 00044 0002 Y
= 1]
2 )
@
0.002 —y—(a) Acid Concentration - PSDVB 4 0.001
~a—(b) Acid Concentration - RPSEBS-Pt
0,000 —a— (c) Base Concentration - PSDVB
] —#—(d) Base Concentration - RPSEBS-Pt 0000

e e e
o 1 2 33 4 5 & T 8

Time (h)

Fig. 5. Variation in acid and base concentrations with time
for the stack performance.
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3.5.3. Determination of T. No. of ions, WDE and its
fluxes

The BPMED process efficiency is strongly affected
by the transport properties of ions present in the solu-
tion and WDE. Under an electric field, at the begin-
ning of the BPMED process, there was a competition
between the ions such as Na*, CI-, H, and OH™ for
transport, and the transfer of a large amount of Na*
and CI' ions through the IEM resulted in a slow trans-
fer of H" and OH ions. This was because of the maxi-
mum availability of initial salt concentration in FC
when compared with the water-dissociated ions. As
the operation time passed, the dissociation of large
amounts of water molecules resulted in the large accu-
mulation of H" and OH". It should be noted that once
all the Na™ and Cl” ions were transported from the
FC, the accumulated H* and OH~ were also trans-
ported very efficiently resulting in the higher WDE
after the first-half performance time. This also
explained the reason for the observed higher T. No. of
ions with time during the first-half part of the perfor-
mance and a decrease in its value during the later
stages of performance for the same membrane [26].

Ion T. No. indicates the contribution of ions
toward acid-base production, depending upon its
electrical mobility under electric current. Fig. 6 repre-
sents the T. No. properties of both sodium and chlo-
ride ions for BPM-I and BPM-II systems. It was from
the figure that the T. No. of both Na™ ion and CI” ions
decreased with increase in time for both the systems.
This was because NaCl concentration that was avail-
able for migration started to decrease with increase in
time as discussed above. However, the performance
was running steadily due to the current carried by the
dissociated water products of H* and OH™ ions. In
both IEM systems the chloride ion T. No. was
observed to be greater than the sodium ion T. No. as
reported in literature. The initially observed higher
values of T. No. of sodium (0.33) and chloride (0.54)
ions decreased to 0.05-0.09, respectively, for BPM-I
system. Whereas, in the case of BPM-II system, the T.
No. of sodium and chloride ions decreased from their
initial values of 0.4 and 0.5-0.37 and 0.42, respectively,
in brine desalination performance.

Based on feed concentration, membrane capacity
and pH variation in AC and BC during the stack per-
formance, the occurrence of water dissociation at BPM
interface was confirmed. From Fig. 7, it was clear that
WDE increased with increase in time. The reason for
this variation of WDE with time is the same as dis-
cussed for T. No. of ions. A higher WDE of 0.86 was
obtained for BPM-I and it was 0.21 for BPM-II system.
The higher T. No. and steady increase in WDE with
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Fig. 6. Change in both sodium and chloride ions T. No.
with time.

time observed for BPM-I system was due to (i) the
increase in electric field, (ii) the pre-polarization of
water molecules at the membrane-solution interface,
and (iii) the presence of a catalytic Pt intermediate in
between the two monopolar layers of BPM. It was also
noted from Fig. 7 that in both cases (acidic or basic),
the water dissociation fluxes decreased with time. The
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Fig. 7. Change in WDE and water dissociation fluxes of
both proton and hydroxyl ion with time.
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main reason for the decrease in acid and base fluxes
was due to (i) the depletion of Na* in anode compart-
ment and CI” ion in cathode compartment and (ii) the
availability of NaCl in FC for the conversion into the
acid and base. The highest acidic and basic fluxes
observed in the present study was 9.4 x107° and
74x10°Molm?s™! for BPM-II and 14.8 x 10™° and
741 x10°Molm s~ for BPM-I systems, respec-
tively. According to Ren et al. [29], the reduction in
the ionic transport rate during later stages of the per-
formance was often correlated with an increased
membrane resistance due to the presence of a mixture
of organic matter and inorganic salts. As a conse-
quence, during the performance of brine desalination,
a slight membrane fouling was observed for both
BPM-I and BPM-II systems.

3.5.4. Current and voltage measurements

From Fig. 8, the current and voltage were observed
to be directly proportional to each other, thereby prov-
ing that water was split at the BPM junction of BPM-I
system. Also, in order to avoid high resistance, the
membrane thickness used to be as thin as possible [30].
For BPM-I and BPM-II system the maximum potential
point observed was 11.8-22.5 V, respectively, while the
maximum current value observed for the same was 68—
89 mA, respectively. The observed low voltage for
BPM-I system could be explained theoretically using
protonation and de-protonation reaction model and the
hydrophilicity change in the interface [11].

The current variation was observed to increase with
time for both BPM-I and BPM-II systems as shown in
Fig. 8 due to the production of OH /H" by water disso-
ciation. In FC, the decrease in salt concentration due to
continuous ion transport resulted in higher resistance.
The higher resistance observed initially in AC and BC
because of lower concentrations of acid and alkali
decreased due to increase in acid and base concentra-
tions with the increase in time. The net effect of this was
the overall decrease in stack resistance with time. In
case of voltage versus time curve as per Fig. 8, a line
parallel to X-axis indicated that both BPM-I and BPM-II
systems were chemically stable as described by Xue
et al. [31]. The purity of acid and alkali increased with
an increase in voltage to some extent, after which fur-
ther increase in voltage caused heating of stack which
resulted in the deterioration of membrane properties.

3.5.5. Determination of process efficiency parameters

For any system, higher CE with lower energy
consumption is one of the factors which determine
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Fig. 8. Current and potential changes with time for the
stack performance.

the feasibility of electrochemical process toward
higher process efficiency. It is clear from Fig. 9 that
CE of BPMED stack decreased with operation time
for both systems. This can be explained by invoking
the concept of ion leakage through IEM as discussed
in T. No. of ions. CE was observed to decrease with
time from 38% for BPM-II system and from 66% for
BPM-I system. On the other hand, the energy con-
sumption increased with time as shown in Fig. 9.
The increase in the energy consumption was mainly
attributed to the fact that a large part of the total
electrical energy was consumed to overcome the
electrical resistance. The decline in the applied volt-
age at the start of the BPMED procedure was due
to either the increase in conductivity of the HCl/
NaOH solution in AC/BC or due to the exhaustion
of NaCl in the feed solution. The increase in resis-
tance of FC, resulted from the exhaustion of NaCl
in the solution, was offset by the decrease in electri-
cal resistance of AC and BC caused by the increase
in HCl and NaOH concentrations as a consequence
of transfer of CI” and Na™ ions from the feed solu-
tion. Since the transformation of NaCl into acid and
base solutions was fully realized, the electrical resis-
tance of feed solution increased, resulting in a sharp
increase in the voltage drop. Thus, the energy con-
sumption was observed to increase with time and
reached a maximum of 6.2Wh for BPM-II and
6.41 Wh for BPM-I systems.
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Fig. 9. Change in CE and energy consumption with time
for the stack performance.

3.5.6. Determination of salinity in feed solution

To evaluate the purity of the generated acid and
base and to confirm the BPM’s capacity to dissociate
water, salinity of FC solution was analyzed for both
BPM-I and BPM-II systems. The effectiveness in
removing NaCl ions from the FC was confirmed by its
salinity measurements. The observance of lower salin-
ity (of about 5.2-7.9% in the case of BPM-I and BPM-II
systems, respectively) than their initial values (of
about 11.5% for both the systems) was mainly because
of the migration of the salt ions under the electric field
from the FC toward the neighboring compartments.
Thus, this result suggested that the water obtained
after the BPMED desalination process was of better
quality than the initial sample. The higher the differ-
ence between the initial and final values indicated the
process effectiveness in the removal of NaCl and
higher acid-base production.

4. Conclusion

Resin-glass fiber-reinforced and -functionalized
PSEBS IEMs were prepared and characterized using
TGA and contact angle measurements. The chemical
stability of the prepared IEMs was evaluated by
means of ionic conductivity, water absorption, and
IEC. The BPM efficiency of BPM-I and BPM-II based
systems were evaluated using pH and concentration
measurements. Brine desalination performance was
analyzed for both BPM-I- and BPM-II-based systems
and compared. Based on the results obtained for CE
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(66% for BPM-I and 38% for BPM-II), the lowest
energy consumption (0.24 Wh for BPM-I and 1.6 Wh
for BPM-II), acid-base production (0.012 N acid and
0.006 N base for BPM-I and 0.008 N acid and 0.004 N
base for BPM-II), and WDE (0.86 for BPM-I and 0.21
for BPM-ID), it was concluded that BPM-I system
showed a better performance than that of the commer-
cial BPM-II-based IEM system.
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Abbreviation list

AC — acid compartment

AEL — anion-exchange layer

AEM — anion-exchange membrane
AER — anion-exchange resin

BC — base compartment

BPM — Dbipolar membrane

BPMED  — bipolar membrane electrodialysis
BVA — bovine serum albumin

CE — current efficiency

CEL — cation-exchange layer
CEM — cation-exchange membrane
CER — cation-exchange resin

cr — chloride ion

EC — electrolyte compartment
ED — electrodialysis

FC — feed compartment

HCI — hydrochloric acid

H;0" — hydronium ion

OH — hydroxyl ion

IEC — ion-exchange capacity

IEL — ion-exchange layers

IEM — ion-exchange membrane
IER — ion-exchange resin

IL — intermediate layer

PSEBS — poly(styrene—ethylene-butylene—

polystyrene)
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NaCl — sodium chloride

PAMAM — polyamido amine

PEG — polyethylene glycol

PSDVB — polystyrene-divinylbenzene

PVA — polyvinyl alcohol

Pt — platinum

H* — proton

QPSEBS — quaternized poly(styrene—ethylene—
butylene-polystyrene)

RAEM — reinforced anion-exchange membrane

RBPM — reinforced bipolar membrane

BPM-I — RPSEBS-Pt IEM system

BPM-II — PSDVB IEM system

RO — reverse 0smosis

RCEM — reinforced cation-exchange membrane

RQPSEBS — reinforced quaternized poly(styrene—
ethylene-butylene-polystyrene)

RSPSEBS — reinforced sulfonated poly(styrene-
ethylene-butylene—polystyrene)

Na™ — sodium ion

NaOH — sodium hydroxide

SPSEBS  — sulfonated poly(styrene—ethylene—
butylene—polystyrene)

THF — tetrahydrofuran

T. No. — transport number

WDE — water dissociation efficiency
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