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Abstract

A polymer bipolar ion-exchange membrane consists of a layered structure involving one cation and one anion ion-exchange layer joined
together in series. In this study, the ionic selectivity and water dissociation rate of six commercial bipolar membranes was evaluated from the
measurements of the membrane potential in a concentration cell and the current—voltage curve in a four-point measuring cell. Bipolar
membrane technology requires polymer membranes presenting high ion selectivities and water dissociation rates, and in this paper we have
addressed the basic physico-chemical phenomena involved, both theoretically and experimentally. We have shown that the effects of the
bipolar junction and the membrane fixed charge concentrations on the ion transport rates observed can be understood on the basis of simple
concepts© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction region between the two ion-exchange layers within the
depleted space charge region extending from —Ayto

A polymer bipolar ion-exchange membrane (BM) is x = Ap. The cation-exchange layer has a negative fixed
composed of one cation and one anion ion-exchange layercharge concentratioXy and lies fromx = —d, to x = 0.
joined together in series. This particular arrangement showsThe anion-exchange layer extends frems 0 tox = dg and
high ionic selectivity and its most noticeable characteristic carries a positive fixed charge concentratianBoth Xy and
is the electric field enhanced (EFE) water dissociation that Xp are assumed to be uniform in each layer. In Figcid,
occurs at the bipolar junction of the membrane when a high stands for the concentration of the ith ionic species in region
dc electric current is forced through this junction [1-6]. The K (i = 1 for the salt cationi, = 2 for the salt anion, = 3 for
capability of the system to dissociate water makes it suitable the H' ion andi = 4 for the OH  ion, with K = L for the
for a large variety of applications, such as generation and left solution, K= N for the layer with negatively charged
recovery of acids and bases [7—10] and the chemical proces-groups, K= P for the layer with positively charged groups
sing of effluents resulting from organic chemistry and and K= R for the right solution). The membrane system

biochemistry processes [11-14]. incorporates two diffusion boundary layers (DBLS) of thick-
A BM separating two solutions of the same electrolyte at nessé flanking the BM. Even when vigorous stirring is
concentrations, (left compartment) andy (right compart- applied, the presence of these layers cannot be neglected

ment) is shown schematically in Fig. 1. Under forward elec- [4,15]. In Fig. 1,A¢rp., App andAypr are the dimension-

trical polarisation, the current flows from the right solution less Donnan potentials at the interfages —d, , x = 0 and

to the left solution and the salt ions accumulate at the bipolar x = dg, respectively, andis , Ag, Ay, andAysp are the

junction (see Fig. 1). In reverse electrical polarisation, these dimensionless diffusion potentials in the bulk of the left and

ions are pulled out from the junction [4]. The'Hind OH right DBLs, and in the ion-exchange layers N and P, respec-

ions are then assumed to be generated at the interfaciatively. All electric potential differences are calculated as left

minus right potential values.
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are not compromised is crucial in most practical appli- anion-exchange layer is ca. 43 mm, and the thickness of
cations [8,9,11,13]. This can be done only through a basic the cation-exchange layer is ca. 73 mm [17].
understanding of the physico-chemical phenomena The BP1 membrane is a reinforced BM obtained by
involved. The electrochemical characterisation of BMs comprising a cation-exchange membrane (with sulfonic
can be carried out by means of membrane potential acid groups) closely adhered to an anion-exchange
[15,16] and current—voltagél-V) [2-5,7,17] measure- membrane (with quaternary ammonium groups). The
ments. These experimental techniques provide valuablecation-exchange groups present at the adhered surface of
information about the functional and structural characteris- the membrane have been exchanged with heavy metal
tics of the membranes [4]. In this work, we have studied ions, specially iron (ll, 11I), ruthenium (ll1) and tin (Il, 1V)
theoretically and experimentally the influence of factors [19]. The AP6 membrane has an integrated multilayered
such as the bipolar junction structure, fixed charge concen-structure based on a polystyrene matrix to which quaternary
tration and preparation procedure on the ion selectivity and ammonium and sulphonic groups are attached [20]. The
water dissociation rate of six commercial BMs. MB3 is a commercial membrane that has a bilayer sandwich
structure, containing phosphoric acid groups in the cation-
exchange layer and quaternary ammonium groups in the
anion-exchange layer [21,22].

2. Experimental 2.2. Membrane potential

2.1. Membranes The experimental setup used to measure the membrane

potential of the BMs is shown schematically in Fig. 2. The
measuring cell is composed of two coaxial cylindrical
compartments with different radii, so that the inside
compartment contains the reference concentration (1 M
KCI) solution, and the outside one holds the variable KCI
solution whose concentration was varied betweer? Hhd

2 M. The conductivity of the solutions is controlled during
the measurements in order to avoid contamination effects in
very dilute solutions. Two magnetic stirrers are used, one
located in the outside solution just under the membrane and
the other in the inside solution over the membrane, with the

Zgi‘éa“rrgu ng‘np‘;si?oss‘(_l?nlf:é'oslIfoerigf;';’e é?ytf];r(lfgt';%”e')c idea of minimising the thickness of the (unstirred) DBLs
group Poly ' formed on the membrane—solution interfaces [15]. The

an anion selective layer (quaternary ammonium ions incor- L .
membrane potential is measured using two calomel elec-

pora_ted into a polysulfone matrlx)_and a very thm Inter trodes [23]. Each experimental membrane potential value
mediate layer (about 10 nm thick) of an insoluble . : "
- . . is not accepted until steady state conditions are reached. As
polyelectrolyte complex containing tertiary ammonium . . ; ) .
it was shown in previous studies on membrane potential of

groups. This Iaygr was ms_,erted between the. tWO. lon- BMs [15], the time necessary to attain steady-state con-
exchange layers in order to improve the water dissociation ... . - .
ditions reduces considerably as stirring rates increase. All

capability of the BM. The thicknesses of the layers are
) . measurements were performed at room temperature
approximately 40 mm (cation-exchange layer) and 20 mm (298 K)

(anion-exchange layer) [7,8]. The FTBM2 membrane is
identical to the FTBM1 except for the fact that the finished 2 3. current-voltage curves
membrane is not reinforced by an inert polymer screen.

The WSl is a non-reinforced membrane consisting oftwo ~ The -V curves under forward and reverse electrical
separate layers, which have to be laminated together bypolarisation are obtained using a four-point measuring tech-
hand to form the bipolar structure [17]. The anion and nique [24] with a conical-shaped cell designed to minimise
cation-exchange layers contain, respectively, strongly border effects and make approximately homogeneous the
basic quaternary ammonium groups and sulfonic acid current through the membrane (see Fig. 3). The BM of
groups as fixed charges. Both layers are Pall Rai films cross-section are@ = 0.20 cm? is placed between the
consisting of a fluorocarbon polymer matrix in which func- two electrodialytic halves of the cell, and fixed with a thin
tional groups have been introduced by radiation grafting. If rubber ring, so that the membrane does not move during
both layers remain together for a long time, water disso- measurements. The whole cell is filled with 0.5 M KCI
ciation capability may decrease because of the accumulationaqueous solution and the membrane is allowed to equilibrate
of gas at the interface, what must be avoided separating bothfor several hours with the same solution used in the experi-
layers periodically or working in an environment where ment before each set of measurements. The solution is
carbon dioxide is excluded [18]. The thickness of the pumped into the cell, and the stream directed to the

Six different BMs were used: two of them, denoted as
FTBM1 (FhIGB in previous studies) and FTBM2, from
FuMA-Tech GmbH (St. Ingbert, Germany); one (denoted
as WSI) from WSI Technologies Inc. (St. Louis, Missouri,
USA); one Neosepta BP-1 (denoted as BP1) from
Tokuyama Co. (Tokuyama, Japan); one Aqualytics BP6
(denoted as AP6) from Graver Water Company (New
Jersey, USA); and one commercial BM (denoted as MB3)
from Izd. NIITEKhIM (Moscow, Russia).

The FTBM1 membrane has a multilayered sandwich
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Fig. 1. Schematic view of the BM system. The space charge region between
X = —Ay and x= Ap corresponds to the bipolar junction. The symbols
denote the ion concentrations and the dimensionless electric potential
drops in the different regions, and are defined in the text. We have incor-
porated two DBLs of thicknes$ adjacent to the membrane/solution
interfaces.

membrane surface so that no additional stirring is necessary
during the experiments. As soon as both streams leave each. _
. . Fig. 2. Sketch of the experimental setup used to measure membrane poten-
correspond!ng _half’ t_hEy_are mixed, and the pH Valu_e _Of the tial of BMs. EC denotes the calomel electrodesand ck refer, respec-
whole solution is maintained constant. The current is intro- tively, to the concentrations of the left (reference) and right (variable)
duced by two Ag/AgCl plates (whose diameter is ca. solutions of Fig. 1, and MS are the magnetic stirrers.
3.1 cm) prepared electrolysing a silver plate as an anode
in 0.1 M HCI aqueous solution with an electric current of 10 3. Note also the significant differences found between
1 mA. The potential is measured by means of two Haber— the FTBM1 and FTBM2 membranes, that could be ascribed
Luggin capillaries (HLC) filled with a 3 M KCI saturated to the reinforcing material present in the FTBM1
solution as a salt bridge. They are located in front of each membrane. Indeed, membrane FTBM2 lacks this inert
membrane surface, at 1.5 mm approximately (see Fig. 3).material, and then the fixed charge groups attached to the
The potentiostat is controlled by a computer, so that each membrane polymer chains are responsible for the osmotic
experimental point is not accepted until the fluctuations in pressure that gives rise to membrane swelling. This swelling
the measured value are lower than a prefixed tolerance levelis prevented by the reinforcing material in membrane
The temperature is controlled by a thermostated coiled glassFTMB1. The higher the membrane swelling, the lower the
heat exchanger placed between the solution reservoir andonic selectivity due to the fixed charges and, therefore, the
the cell. Temperature measurements are made in thelower the membrane potential [23].
solution reservoir and inside the cell, trying to avoid thermal ~ The experimental-V curves obtained for the BMs are
gradients during the experiments. shown in Fig. 5. The curves show the typical behaviour
given by the coupling of ion transport and EFE water disso-
ciation BMs [4,26]: under forward polarisatigh' > 0) the
3. Results current is carried by the salt ions and increases rapidly with
the applied voltage. The membrane shows then very low
In this section, we present the experimental membrane resistance values. For small reverse voltagés< 0), the
potential and—V curves obtained for the six BMs described current is also carried mainly by the salt ions and attains a
in the previous section. limiting value. The resistance of the membrane is then very
The membrane potential is defined as the potential differ- large. At high reverse voltages, most of the current is carried
ence appearing between the two solutions flanking the by the H and OH  ions generated by the EFE water disso-
membrane when these solutions contain the same electro<iation taking place at the bipolar junction, and increases
lyte at different concentrations and there is no current flow. rapidly with the voltage. The membrane resistance then
The magnitude and sign of the potential depends then on thebegins to decrease again with the applied voltage.
nature of the membrane and the permeating species Despite thiscommon general behaviour, Fig. 5 shows that
[15,16,25]. The results of membrane potentidl, (defined the particular characteristics of each curve depends strongly
as left minus right potential values in Fig. 1) vs lger/C,) on the membrane considered. Two main factors appear to
for the BMs are shown in Fig. 4. For all membrankéy, determine crucially the behaviour of BMs. Firstly, the struc-
increases as the concentration ratio decreases from unityture of the bipolar junction between the two ion-exchange
This effect is specially noticeable in the BP1 membrane, layers [3,4,6,27] and, secondly, the nature of the charged
which attains values as high as 180 mV when/c, ) = groups attached to the polymeric matrix [4,7,8,28]. Also,
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Fig. 3. Experimental setup of the four-point measuring cell employed for-ecurves. Two Ag/AgCl plates are used as current electrodes (CE), and the

potential across the BM is measured with two reference electrodes (RE) using Haber—Luggin capillaries (HLC) as salt bridges. The solution flux (SF) is
directed to the membrane and mixed up to keep constant the pH and temperature solution values.

even when two different samples of the same membrane aremembrane/solution interface and the Nernst—Planck flux
compared, it is still possible to find some differences equation [23,25]. The TMS theory assumes further that
between them due to the sensitivity of the/ curves to the transport process is controlled entirely by the membrane.
the particular membrane characteristics. Extensions of this theory to the case of ion-exchange bipolar
membranes have been given recently, and details can be
found in Refs. [15,29].

In order to understand qualitatively the experimental data
shown in Fig. 4, we assume that the main contributions to

We will now discuss the experimental results of the the membrane potential arise from the potential drops at the
previous section, making use of a theoretical model for three membrane interfaces. In the symmetrical case the ion-
the BM. exchange layer thicknesses ake= dg = d, the ion diffu-

The theoretical model for the membrane potential is Sion coefficients ar®;c = Ds (the same for both salt ions)
based on the Nernst—Planck equations, and can be consig@"d the fixed charge concentrations axg = X(i =
ered as an extension of the TMS theory [15,23,25]. This 1.2 K =N, P). Then, the membrane potential is:
theory ascribes the ion selectivity to the presence of fixed RT
charges attached to the membrane chains. It gives the oA~ (Ao + Aipy + Adhpr)
fluxes and potential differences across the membrane on the

4. Discussion

basis of the Donnan equilibrium assumption at the RT | 1+vZ+1 Y- 1 | Vi
=~ —|In +1In +1In
%200_ . T . , . . F VL y+t1 /1+v§—1
E r o FTBM1[| ]
= S o FTBM2 | 1 (1)
S 0 ’ o WSI where
P, |
A <
wf e 4 e MB3 - vi=2c/X, i=L,R 2
i) ]
L- o & ' ] and
50 o 8 s * 7]
- o B
: s 8 1R 1R ,
0 Q s @ y= 2 €
L o !
50 : , , , | ) 1 In Eqg. (1) constant§, R, andT have their usual meaning
30 2.0 1.0 0.0 [15]. Fig. 6 shows the membrane potential vs,kigs/c; )
log,jep/c,) values calculated from Eq. (1) using =1M andd =
_ _ _ _ 10 *m. The curves are parametric in the fixed charge
Fig. 4. Experimental values of membrane potential vgd@g/c, ) with the concentration. Comparison of Figs. 4 and 6 shows that the

reference concentratiory = 1 M KCI for the six BMs under study. All high b tential | d to the BM
measurements were carried outTat= 298 K. Concentrations, and cg igher membrane potential valués correspond to theé BMSs

correspond to the inside (reference) and outside (variable) solutions of having the higher fixed charge concentrations. The BP1
Figs. 1 and 2, respectively. membrane presents the highest membrane potential, while
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at cg/c, < 1. The position of the minima in these curves
D should be ascribed to a departure from the symmetrical BM
o assumptiord, = dg, Dix = DgandXx = X(i =1,2, K=
N, P) introduced in Eq. (1) [15].
It can also be noted that for very dilute solutig > <
cr/C. < 10°?) an inflection point not anticipated in the
above theory appears in the experimental curves. This can
be explained taking into account the contribution of the
DBLs to the membrane potential (see Fig. 7). Indeed,
comparison between the calculated values with= 0)
and without(é # 0) stirring shows significant differences
due to the change in the hydrodynamic conditions of the
unstirred DBLs. The contribution of the DBLs to the
20 -15  -10 05 00 . 10 observed membrane potential increases with the mggnitude
V(V) of the salt flux through the system, and is not negligible for
dilute solutions [15].
Fig. 5. Experimental-V curves obtained for the six BMs in an agqueous The experimental behaviour of theV curves shown in
solution ofcg = 0.5 M KCI. All measurements were carried out ht= Fig. 6 can also be discussed in terms of a previous
298K theoretical model [4,29] based on the Nernst—Planck flux
equations. In the most general case, these equations cannot
the FTBM2 membrane reaches values about 50% smaller.be integrated in a closed form. Nevertheless, approximate
The rest of the BMs exhibit similar behaviour despite the solutions can be derived under appropriate simplifying
fact that they have very different bipolar junction structures assumptions.
(WSl is a bilayer, MB3 is a sandwich-type membrane and For forward and small reverse voltages, most of the
the other ones are all monolayers). This result indicates thatcurrent is carried by the salt ions, and therefore the con-
the membrane potential (and then the ionic selectivity) tribution of water ions can be neglected. In the symmetrical
depends significantly on the bulk characteristics of the cased, =dg=d, Xy =Xp =X, Dix =Dg(i =1,2, K=
ion-exchange layers. Also, the comparison between N,P), cx =cg(i =1,2; K=L,R), the |-V curve can be
FTBM1 and FTBM2 membranes confirms the effect expressed in the form [29]
mentioned in the previous section: the lack of reinforcing
material causes a significant swelling of the FTBM2 \X? + 4cd + X
membrane and thus its effective fixed charge concentration FV/RT = |nT
becomes significantly lower than that of the (reinforced) \/X +4cg—X
FTBM1 membrane (see Figs. 4 and 6).
The experimental points in Fig. 4 however show some \/X2 + 4¢3 + 2XdI/DgF — X
disagreement with the simple model described in Egs. (1)— +1In >
(3): membranes WSI, FTBM1 and MB3 attain a minimum \/X + 4cg + 2XdI/DsF + X

w
[=]
o

I(A/md)

2
+ [\X2 + 4c3 + 2XdIDF — /X2 + 4c2] (4)

S 200 ; ; : , .
‘Z [ “—'“‘§ :8-; ﬁ 1 In Eq. (4), the first term accounts for the Donnan voltage
< 180 S - —.-x-1Mm I3 drops at the membrane/solution interfaces, the second one
C ] for the voltage drop at the inner membrane interface, and the
100 J third one for the voltage drops across the bulk of the ion-
C ] exchange layers. Fig. 8 shows th& curves obtained from
C ] Eq. (4) using the typical parameteds= 100pm, Dg =
50 - ] 10 % cmP/s, cs = 0.5 M and different values of the fixed
r ] charge concentration. Comparison of Figs. 5 and 8 permits
ol ] one to obtain some conclusions concerning the ionic selec-
B tivity of BMs. The low limiting currents measured in Fig. 5
50 L ‘ | . | . ] for V < 0 indicate that all membranes (except FTBM2)
present relatively high fixed charge concentrations (see
-3.0 -2.0 -1.0 0.0 ; o : S
log, (cp/c,) Eq. (4))..Th|s fact pgqomes crucal in pracncal apphcapons,
where high selectivities are required in order to avoid the
Fig. 6. Calculated membrane potential vs,lggr/c,) with ¢, =1 M in current leakage and the salt back diffusion [7,8]. Note also

Eq. (1). The curves are parametric in the fixed charge concentration. that the ionic selectivity scale deduced from the limiting
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Fig. 8. Theoretical-V plots for forward(V > 0) and low reversg¢V < 0)
polarisation calculated from Eq. (4). The curves are parametric in the fixed
charge concentratiody = Xp = X of the BM.

Fig. 7. Calculated membrane potential vsjgigg/c, ) with ¢, =1 M and
X =1 M. The curves are parametric in the DBL thicknéssand are now
calculated taking into account the contribution of the DBLs to the

membrane potential [15]. ) )
membrane to produce these ions. The experimental trends

observed in Fig. 5 can be discussed in terms of a theoretical

currents of Fig. 5 (a low limiting current corresponds to a model based on the Nernst—Planck and Poisson equations
high ionic selectivity) is approximately the same compared [3,4]. At high enough reverse polarisation, and for the
to that obtained from membrane potential measurements insymmetrical cased, =dzr=d, Xy=Xp =X, Dix =
Fig. 4 (a high membrane potential corresponds to a highDg(i =1,2; K=N,P), Djx =Dw(i =3,4; K=N,P),
ionic selectivity). ck =cs(i=12 K=L,R), Ck =cw(i =34 K=

The experimental trends observed under forward polar- L, R), the |-V curve can be expressed in the form [4]
isation also agree with the theoretical predictions: the rapid
increase of the electric current with thepapplied potential E)r I = (s + lLw)[exp(FV/RT) — 1] — Iq ()
V > 0is common to Figs. 5 and 8. However, the measured |n Eq. (5)I4 accounts for the current density carried by the
voltage drops under forward polarisation are significantly {4+ and OH". These ions are generated by the EFE proto-
higher than the theoretical predictions. This can be nation—deprotonation reactions between the fixed charge
explained taking into account the fact that the voltage groups and the water molecules occurring at the bipolar
drops across the membranes have been measured placinginction. Thel, term can be written as [3,4]
two capillaries in the surrounding solutions. Under forward
polarisation, the BMs offer a very low resistance, so that the Iy ~ FKS exp{ EE]M (6)
ohmic voltage drops in the solution layers between the RT
membrane and the capillaries must be considered togethe
with Eqg. (4) in order to account for the experimental results.
Note that in reverse polarisatig¥ < 0) this effect is not so
important because the resistance of the BM is considerably
higher in this case.

Moreover, the measurements taken under forward polar- EX

(/vherekg stands for the net rate dissociation constant of the
reactions when no external electric fi€lds appliednis the
concentration of active sites where the reactions are taking
place,« is a reaction distance [6,30], and

isation present additional difficulties: at high enough electric E = e (=V) (78
currents, hydrated ions accumulate at the bipolar junction, =0

and a growing solution layer appears between the two layers

of the BM. The presence of this layer modifies the structure )= 4e € (—V) (7b)

of the bipolar junction and increases the electrical resistance FX
of the whole system. Nevertheless, since these factors
should affect all the membranes in a similar way, the
above arguments explaining the behaviour of the
membranes under forward polarisation and (small) reverse
polarisation remain essentially valid.

In the case of high reverse voltages, most of the current is
carried by the H and OH ions and, therefore, the-V
characteristics are dictated by the capability of each I g = 2FDgcon(—d)/d (8a)

are, respectively, the maximum electric field at the bipolar
junction and the length of the space charge region in the
junction [4]. In Eqgs. (7a) and (7bk e is the electrical
permittivity of the bipolar junction.

In Eq. (5)1 s andly refer to the limiting currents for salt
and water ions, respectively, and are defined in the form
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Fig. 9. Theoretical-V plots for reversgV < 0) polarisation calculated
from Eq. (5). The curves are parametric in the fixed charge concentration
XN = XP = X.

lLw = 2FDyCan(—d)y/kPcan(—d)/Dyy coth(y/kPCan(—d)/Dyy)

(8b)
where
() = I [ X4+ (e + o) + (<1 X2,
1L 3L
i=1..4 )

according to the Donnan equilibrium [23] ak@is the rate
constant for recombination.

Since lq depends exponentially ok [4,30], this term
increases rapidly with the reverse voltage, and prevails
then over the other terms in Eq. (5) fégr< 0. In addition,
| depends on both the nature of the active groupsk/end

6633

enhance the water dissociation at the bipolar junction should
also be important here.

Once again, the comparison between membranes FTBM1
and FTBM2 reveals some of the physical mechanisms
involved. Although FTBM1 has a higher ionic selectivity
than FTBM2, the two membranes show similar efficiency in
the production of H and OH  ions at high enough reverse
polarisation voltages. This fact suggests that the active layer
inserted between the ion-exchange layers of the two
membranes is the main responsible for the water disso-
ciation capability. Thus, the lack of reinforcing becomes
apparent as a bulk effect that determines the ionic selectivity
of the BM, but it does not appear to affect the performance
of the bipolar junction where the water dissociation reac-
tions take place.

To sum up, we have shown that the two main factors
determining the performance of polymer BMs in practical
applications, the ion selectivity and the water dissociation
rate, can be studied by means of membrane potential and
-V measurements. The qualitative agreement found
between theory and experiments allows a better understand-
ing of the BM behaviour and demonstrates that not only the
structure of the bipolar junction but also the bulk properties
of the two ion-exchange layers are important in practical
applications.
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n) and the structure of the space charge region where the

reaction is taking place (vik and ). These results can be
seen in Fig. 9, where the theoreti¢aV curves correspond
to the typical valuesl = 50 pm, Dg = 10 ® cm?/s, Dy, =
10°cm?/s, ¢y =cs=05M({ =1,2; K=L,R), cx =
cw=10"M, (i=3,4 K=L,R, =25 Kn=
400 moim®s, K =111x10"M sl ¢« =25A and

T =298 K The curves of Fig. 9 are parametric in the
fixed charge concentratioX: = 1 M (continuous line)X =

2 M (dashed line) anX = 3 M (dotted—dashed line). They
are in qualitative agreement with the experimental results
observed in Fig. 5, where each BM shows differéav
characteristics forV < 0. Membranes BP1, AP6 and
FTBM1 appear to be significantly more efficient than the
others in the production of Hand OH ions. This fact
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