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in water treatment processes include recovery and separating components
from dilute wastes, capability of handling hazardous wastes and the
possibility of recycling components present in the waste and/or regenerating
chemicals. However, IEM processes have some limitations that include low
concentration in the effluent to be treated, lack of selectivity against specific
target ions and susceptibility to fouling by organic substances present in
wastewater.

In general, membranes of either monopolar or bipolar nature can be
defined as a thin layer of electrolytic barrier which can separate two phases
and restrict the transport of various chemical species through it depending
upon the nature of the membrane and the chemical substances present.
Undesired salt ion transport across the membranes occurs, leading to product
impurities. The Bipolar membrane (BPM) is a special type of catalytic IEM
developed for electro-membrane processes splitting water into protons and
hydroxyl ions that can be used for the production of acids and bases from the
corresponding salt solutions [2]. BPM can be prepared by simply laminating
conventional cation- and anion- exchange membranes. Laminated BPMs
often exhibit an unsatisfactory chemical stability at high pH and poor water
splitting capability with high electrical resistance. However, the presence of
heterogeneous materials like ion-exchange resin (IER) particles in a non-
conducting polymer matrix in one or both layers of a BPM usually resulting
in BPM with higher mechanical stability [3, 4]. Hence, in the present study,
all the monopolar and bipolar IEMs were prepared with resin and glass fiber
reinforcements.
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Fig. 1. Diagrammatic representation of methodology used in BPM preparation.

However, BPMs do not perform efficient water dissociation if they are
prepared with anion and cation exchange layers only. To improve the
performance of a BPM, a thin interface layer (IL), containing a water
dissociation catalyst, is generally introduced between the charged layers. The
water dissociation rate is accelerated for a fixed electric potential across the
contact region, when a catalyst is present. The catalyst reduces the activation
energy of the water dissociation because it provides alternative reaction paths
by forming reactive, activated complexes. As catalysts in the bipolar junction,
immobile weak acids or bases such as quaternary [5], non- quaternary amine
group [6], weak acid such as phenolic, carboxylic acid or phosphoric acid
groups [7] and its corresponding base, inorganic substances such as Mg, Ni,
Co, Mn, Cu, Fe and Al [8], metallic oxides, hydroxides and heavy metal ion
compounds such as ruthenium tri-chloride, chromic nitrate, indium sulfate,
hydrated zirconium oxide, etc. [9, 10], heavy/noble metal ions like Cr**, Fe?",
Ag, Au, Pt, Pd, Os, Rh, Ti, Sn, Zr, Pa, Ru etc. [11, 12], macromolecules (such
as polyethylene glycol (PEG), polyvinyl alcohol (PVA) [13,14]) and bio-
macromolecule (bovine serum albumin (BSA) containing both carboxylic and
amino groups [15], starburst dendrimer polyamidoamine (PAMAM) [16] etc.,
could be used between the charged layers where the desired water
dissociation occurs [17]. The water dissociation rate in a BPM was found to
be 50 million times faster than the ordinary water dissociation in aqueous
solution [18] in the presence of catalyst. It should be noted that bipolar
membrane electrodialysis (BPMED) processes can be performed with
different stack configurations, depending on the desired application [19-22].
Hence in the present work, the membrane stack configuration of the BPMED
unit comprised of five compartments: two electrolyte compartments (EC), one
feed compartment (FC), one acid compartment (AC) and one base
compartment (BC) for the recovery of acid and base from the corresponding
salt solution.

The present study highlights the work designed to evaluate the
desalination efficiency of prepared monopolar (CEM and AEM) and bipolar
(with Platinum as IL) IEM with resin and glass fiber reinforcements using
polystyrene ethylene butylene polystyrene (PSEBS). Platinum has the greatest
economic importance in various applicatory fields such as automobiles, oil
refining, glassmaking, medical instruments, electronics, dentistry, jewelry,
computers, fertilizers, plastics, fuel cells, etc. which have also urged the use
of water treatment applications. In addition, its certain properties such as
superior conductivity, resistance to oxidation and strong catalytic property

compared to other types of intermediates have shown platinum as one of the
best choices to be used as intermediate for BPM in the present study. The
study was conducted for five different synthetic salt water concentrations
ranging from 5 g/L to 25 g/L of NaCl solution (used in FC) in terms of
conductivity, solution pH, transport number of ions (T. No.), feed
concentration, current efficiency (CE), energy consumption, water
dissociation efficiency (WDE), water dissociation flux and acid-alkali
production in the AC and BC up to 8 h. The stack performance using the
synthesized membranes was compared with that of the commercial
polystyrene divinylbenzene based (PSDVB) IEM under similar experimental
conditions. In addition, the decrease in sodium-chloride ion concentration,
salinity and electrical conductivity of the feed water were observed and the
reproducibility test for the membrane system was conducted with highest CE.

2. Materials and methods

The commercially strong acid cation exchange membrane (CMI  7000S)
and commercially strong base anion exchange membrane (AMI - 7001S)
were procured from Membranes International INC, New Jersey, USA. While,
BPM made up of PSDVB 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) and Seralite (Anionic exchange resin (AER) -
equivalent to Amberlite IRA - 400, 20-50 mesh standard grade) were obtained
from Sisco Research Laboratory Pvt. Ltd. (SRL). Platinum chloride (Pt) was
purchased from Aldrich (USA).

2.1. Reinforced IEM preparation

Anionic and cationic functionalized ionomer membranes of sulfonated
polystyrene ethylene butylene polystyrene (SPSEBS) and quaternized
polystyrene ethylene butylene polystyrene (QPSEBS) was carried out as per
the procedure reported earlier [23, 24]. Surface modification is considered to
be one of the ways to minimize undesired properties or to introduce additional
functions like higher ion exchange capacity (IEC) with firmness and
durability for a polymer separation membrane. The reinforced cationic
exchange membrane (RCEM) and reinforced anionic exchange membrane
(RAEM) based on the 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-Tetrahydro furan (THF) solution or
QPSEBS-THF solution, respectively for 12 h using a 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 hours at 45 C.

The obtained membranes with various resin content were subjected to
conductivity studies and from Table 1, it was observed that the conductivity
of the prepared membranes increased with an increase in IER loading up to 50
%, beyond which the membranes became brittle from its soft nature. Hence,
the resin loading was optimized at 40% for both resins [25]. The reinforced
bipolar membrane (RBPM i.e. RPSEBS-Pt) was prepared using RCEM
(RSPSEBS) and RAEM (RQPSEBS) as CEL and AEL, respectively [26].
Then on one side of both CEL and AEL layers, a solution containing
approximately 6 mL of 0.12 g of Pt contained solution was coated to form the
IL. Finally, the IL coated side of both layers (CEL and AEL) were
sandwiched and subjected to hot press to finally obtain RBPM represented as
RBPM-Pt as shown in Figure 1.

Table 1
Optimization of resin loadings in PSEBS polymer using its conductivity.

% of resin added CER ((:;)/r;t:;ctlwty AER ((:;)/r;t:;ctlwty
L .
10 5.2x10 1.17x10
5 5
20 7.1x10 3.2x10
4 5
30 2x10 3.7x10
4 5
40 7.1x10 5.0x10
4 5
50 6.6x10 2.5x10
5 5
60 7.1x10 1.0x10
5 3
70 4.8x10 1.8x10
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Fig. 2. Schematic representation of BPMED stack setup

2.2. Construction and working of the BPMED unit

The BPMED unit used in the study for determination of desalination
process efficiency was supplied by Arun Electrochemical, Chennai. The
construction and description of the used BPMED unit is shown in Figure 2
[27]. The cathode and anode electrodes used were stainless steel and Ti
coated with Ti-Ru-Pd oxides, respectively. 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,
allowing for batch mode recirculation of external solutions by submersible
pumps at the flow rate of 30 dm® h™. 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 0.05 mol/L of NaCl solution was used in each EC. Since at lower
concentrations, higher resistances between membranes resulted and at higher
concentrations, the selectivity nature of the IEMs became lower, NaCl
solution of concentrations ranging from 5 g/L to 25 g/L was taken in the FC
in order to avoid the higher rate of salt ion leakage across BPM and the
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formation of undesired salt impurities in products during BPMED
performance. During the performance, at every 15 min time interval, various
process parameters were evaluated using the same set of equations as reported
earlier [28]. After 8h of treatment, the final solutions of various synthetic feed
concentrations and reproducibility test samples were analyzed for their
sodium-chloride ion concentration, salinity and electrical conductivity.

3. Results and discussion
3.1. pH change in various compartments with time

Figures 3 and 4 represent the variation of solution pH in FC, EC, AC and
BC with time for brackish water feed concentration range including its
reproducibility for both laboratory synthesized RPSEBS-Pt IEM and
commercially procured PSDVB IEM systems. It was clear from these figures
that with an increase in salt or feed concentration, the initial pH value of the
corresponding solution was also found to be higher in FC for both IEM
systems. In the case of the RPSEBS-Pt IEM system (Figure 3), pH in FC
showed acidic nature at their final stages. This is because with increasing time
higher quantities of acid were produced due to water dissociated products,
thereby resulting in proton leakage through IEMs depending on the capacity
of protons to undergo back diffusion [27]. On the other hand, as per Figure 4
in case of the PSDVB IEM system, the feed solution finally became basic in
nature for all feed concentrations. The PSDVB based cell experienced greater
leakage of ions from BC to FC and thus it remained basic in nature.
Moreover, proton leakage through IEM was low due to low acid
concentration that was produced during the BPMED process using PSDVB
IEM systems [29].

Whereas in the case of EC, since 0.05 M NaCl was taken as electrolyte
solution each time, the initial pH remained constant for all performances.
Though both systems showed the final solution to be acidic in nature, the
acidity was greater for the PSDVB IEM system than the RPSEBS-Pt IEM
system. The difference in pH observed between the two types of IEM systems
in FC and EC was mainly attributed to the leakage of ions occurring through
membranes arranged between the compartments in a stack. Similarly in the
case of AC and BC, the solution pH was found to be approximately around
2.45 and 10.74, respectively for all performances because of the dilute acid
and base solutions that were initially taken.
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Fig. 3. pH changes in FC, EC, AC and BC with time for various feed concentrations of RPSEBS-Pt IEM system.
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Fig. 4. pH changes in FC, EC, AC and BC with time for @as feed concentrations of PSDVB IEM system.

From Figures 3 and J4it was additionally observed that irrespective of and RPSEBS-Pt IEM systems. This pH change in varicompartments
whether it was AC or BC, the acidity or basicitysmMaund to get increased clearly suggested that both IEM systems possesiegliate capacity to split
during the first half stage of a performance argliticrease was not uniform water into its co-ions under the influence of thectic field. Also, it should
because of the leakage of some ions into the nefgid compartments. The be observed that for the reproducibility test, mordess the same result as
nature of pH change reflected their acid and basdygtion for both PSDVB  that of its original feed concentration was noticed

Fig. 5. Conductivity changes in AC, BC and FC for differéged concentrations with time for RPSEBS-Pt IEMtem.



