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Abstract This work is concentrated on elucidating the mechanism of the electric field enhanced water dissociation.
A simple model was established for the theoretical current-voltage characteristics in water dissociation process on a
bipolar membtane based on the existence of a depletion layer and Onsager’s theory. Particular attention was given
to the influence of applied voltage on depletion thickness and the dissociation constant. The factors on the water
splitting process, such as water diffusivity, water content, ion exchange capacity, temperature, relative permittivity,
etc. were adequately analysed based on the derived mode] equations and several suggestions were proposed for
decreasing the applied voltage in practical operation. The water dissociation teste were conducted and compared
with both the theoretical calculation and the measured current-voltage curves reported in the literature, which
showed a very good prediction to practical current-voltage behavior of a bipolar membrane at high current densities

when the splitting of water actually commenced.
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1 INTRODUCTION

A bipolar membrane (BM) is composed of a cation
(with negatively fixed charge) and an anion ion-
exchange layer (with positively fixed charge) joined
together in series. Just the same as the discovery of
N-P junctions in the semiconductor technology, this
composition brings about many novelties to a bipolar
membrane, making it useful in many new technologi-
cal applications!! |, most of which originate from its
ability to dissociate water when high reverse voltage
is applied. Its potential as a water-splitting technol-
ogy has attracted many investigations. But the ac-
tual mechanism causing this splitting remains a mat-
ter of controversy and at present no model can ex-
plain completely all the phenomena existing in a wa-
ter dissociation process!®®. Up to now, three physi-
cal models have been proposed: second Wien effect
model(SWEM)["l, chemical reaction model(CRM)®!
and neutral layer model(NLM)®, providing a theo-
retical basis to investigate this water dissociation pro-
cess. Theories based on these models have explained
some particular experimental phenomena to some ex-
tent, However, among them, SWEM seems to be
most widely accepted1%1]. This model assumed that
there is a dry “space charge region” (12 op “depletion
layer” (1% at the transition layer (TRL), i.e. the junc-
tion between the cation and anion layers, where the
mobile ions have much smaller concentrations than
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the fixed chargell®=14l, When high reverse voltage is
applied, just as the same as that in a double-layer
biological membrane containing fixed charge and ex-
hibiting rectification and capacitance properties, wa-
ter dissociation occurs mainly at this zone and be-
haves as a weak electrolyte. Theories based on these
assumptions allowed for reasonable explanation of ex-
perimental facts[1011:14=19]  The existence of a de-
pletion layer at the junction is also supported by the
recent investigations in terms of the measurements of
AC conductance at low frequency/®. But the exist-
ing models for water dissociation were derived from
the viewpoint of physics and most derivations were
based on steady state processl3:4:8-12,14-18,17-13]
The work described here is concentrated on elu-
cidating the mechanism of the electric field enhanced
water dissociation. A simple model was derived to de-
scribe the voltage-current characteristics base on both
SWEM!" and Space Charge Theory[1?l from the view-
point of chemical engineering (equation of continuity)
and unsteady state. Furthermore, theory and calcula~
tion are compared with the measured current-voltage
curves and those reported by Strathmann et ol.[].

2 MODEL AND BASIC EQUATIONS

A bipolar membrane considered here consists of an
anion and a cation selective layer joined together with
a transition layer (TRL) at the junction when an elec-
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tric field is established across the membrane. As de-
picted in Fig. 1, the thickness of anionic and cationic
exchange layers is % and d<, and the fixed charge
concentration of the two layers is XA and X, C, re-
spectively. The transition layer is depleted of ions
and has a total thickness of A = Ay + Ap, where Ay
and Ap correspond the depletion thickness in the neg-
atively and positively charged layers. To develop the
present model, the following assumptions which were
shown to be reasonablel®:71%:11.16-19] a6 adopted in
this paper.

anion-laiyer . | cation-tayer
x4 e X
HO H;0
OH™ H*
~db - s 0 iy a<

Figure 1 Schematic drawing demonstrating the
function and structure of a bipolar membrane

(1) Water dissociation mainly occurs in the tran-
sition or depletion layer and the dissociated ions re-
moved from this region are replenished by the follow-
ing water dissociation equilibrium

H;0 <k“—+ H* + OH-
-1

{(2) The water dissociation is accelerated by the
electric field according to the second Wien effect which
describes the influence of a strong electric field on wa-
ter dissociation constant k; while the recombination
rate constant k_; is not effected by the electric field.

(3) The generated protons and hydroxyl ions are
removed from the tramnsition region by migration and
the consumed water can be compensated timely by
diffusion from the bulk solution.

(4) The electric current is calculated from the mi-
gration flux of either protons or hydroxyl ions.

(5) The voltage drops across both anion and cation
exchange layers are neglected so that voltage across a
bipolar membrane is equal to that across the transi-
tion region and the driving force for the migration of
ions is U/}, since the Donnan potential is in equi-
librium with the diffusion of ions into the transition
region.

A simplified schematic diagram of species trans-
port into or from the transition layer(TRL) is illus-
trated in Fig. 1. Using the equation of continuity, the
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following equation is established

d Ctr

A= dt = (a8 —

j=H*,0H ,H;0

(1)
Here r; are the reaction rates of the protons, hydroxyl
ions and water in the transition region which are ex-

pressed as

Jimig) + Arj,

rHY = ToR- = —TH,0 = k1cH,0 — k_1cn+con- (2)

Within the model, the diffusion water transport fluxes
into the anion layer (A} and the cation layer(C) are
described by Fick's law

et o~ 0
rd 2
Ift0,0i = DHzoidA (3)

m

CC _ Ctr
T,0,0m = Dg;o% (4)
m
where the water concentration in the both layers is
assumed to be linear for simplicity®?!l. The migra-
tion of protons and hydroxyl ions is calculated with
the Nernst-Plank equation

Utr
Jere mig = Up+ CHt —— Y (5)
¢ Utr
Jon- mig = UGH-OH- 3 (6)

where uff,, ulf,_, ¢if,, cffy_ are the respective mo-
bilities and concentrations of protons and hydroxyl
ions in the transition layer. Substituting Egs. (2)—(6)
into Eq. (1) yields the concentration change of differ-
ent species in the transition layer

dey, ufp, off, U™
1 = F1ci0 — k16 Gn- — —A_ v D
dcgy- r uGy-Con- U™
:ft = klchzo —k_ ch+ch_ — 5
(8)
deflo

3¢ -1 con- — kicii,o+

Dg,o '31?120 = cH0
A ac )
Based on assumption (2), k; is enhanced by the ap-
plied electric field and follows the SWE model

A A br
Dii,0 ¢i,0 — H,0

A dA

m

ky ¥ ¥ oo e 5
=1+b -1
k“ thtg 3 + 18+ 180+2700 56700 (10)
with
b = 0.09636 E (11)
- e.T?

where £, is the relative permittivity, &; is the forward
rate constant of the net reaction responsible for the




A Simple Model to Determine the Trends of Electric Field Enhanced Water Dissociation 181

electric field enhanced water dissociation as described
in Eq.(2) and kY is the forward rate constant of the
reaction when no external electric field is applied. For
a bipolar membrane water dissociation process, F can
be as high as 108 V-m~10'%], b is generally greater than
3%, and thus Eq. (10) can be simplified to/6:917

:—[} - (-72;) * (86)~ Texp (85)} (12)

Based on the Poisson equation, the electric field den-
sity F and the total depletion thickness can be related
to the potential drop applied in the depletion layer,
Utr’ as fouows[10,12,17,19]

AyC 11/2
E<|2Eym ———XA'“X’“ (13)
ErEQ X3+ X,g
A c1i/2
A=)y +Ap = [25'60 U"M] (14)

F XAXC

Here, F' is the Faraday constant. According to as-
sumption (2}, the electric current density can be cal-
culated from the hydroxyl ion or proton flux as follows

tr tr

U U
I= F"OH CQH T_'Fu}l“"cﬂf by (15)

This is the final form of current-voitage characteris-
tics. Though the form of this equation is consistent
with most literatures, in our equation CH+ is no longer
assumed as a constant and will change with the ap-
plied voltage, time and membrane properties as de-
scribed in Egs. (7)—{9). Considering that the concen-
trations of protons and hydroxyl ions and depletion
thickness will change with the applied voltage, the
theoretical potential drop across a bipolar membrane
should be non-linearly related to the current density
applied, which is consistent with the most experimen-
tal phenomena/®21:22],

3 RESULTS AND DISCUSSION
3.1 Results from the model calculations

For a bipolar membrane water dissociation pro-
cess, the unsteady state occurs only at the very be-
ginning (about 10~%5)8]. Thus the steady state is
reasonablly assumed and the left side of Eqgs. (7)—(9)
are set to zero, Rearranging these equatjons yields the
following quadratic equation on the concentration of
protons

k_a(eff ) + (k1 + __2DH=0) B U"

A A
dn
L =
2DH20 CH+ 1CH,0 =0 (16)

where the characteristic parameters of both anion
and cation layers are assumed to be identical, i.e.,
D0 = DH;O| CH,o = CH,O = cp0, X = X5 = X,
dS = df = dy, uff, = uZy.. The concentration of
H"' in transition layer can be easily obtained.

Figure 2 demonstrates the effect of fixed group con-
centration {X) on the calculated I-U curves by sub-
stituting the typical parameters as shown in Table 1.
Obviously, with the increasing fixed group concentra-
tion, water dissociation speeds up and thus the water
concentration in the transition zone is decreased due
to the increasing consumption of water as shown in
Fig. 3.

12
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Figure 2 Influence of fixed group concentration on
the I-U curves
X, mol-m™~3; 1--1000; 2—1500; 3— 2000

Figure 3 Influence of fixed group concentration on
the water concentration in the transition layer
X, mol'm™3: 1—1000; 2—1500; 3—2000

The effects of water diffusivity on the dissociation
rate are illustrated in Figs.4 and 5. Water concen-
tration in TRL decreased when the diffusion coeffi-
cient of water in the membrane is decreased. Because
at this case, water Hux into TRL decreases and the
water, which has been dissociated into protons and
hydroxyl ions, can not be compensated by the water
transported into the membrane due to diffusion, and
thus cause a decrease in water concentration therein.
As shown in Egs. (7) and (8), the concentration of
protons and hydroxyl ions depend on the water con-
centration and will decrease with a decrease in water
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Table 1 The typical parameters used for calculations

Parameter Value Source
Faraday constant, F 96486 A-s-mol !
permittivity of free space, ¢ 8.85 x 10712 A.g.V-1.m~1 universal
dissociation rate constant k9 2x 10 651! constants
combination rate constant k_1 1.1 x 108 m3-mol—1.5~1
mobility of protons in TRL, uf 300 x 10~ 8 m?V-lg-1
mobility of hydroxyl ion in TRL, ugﬂ 300 x 1078 m2.v-1.4-1 adapted from
relative permittivity in TRL, e 20 [6], [21], [23]
initial concentration of proton and hydroxyl in TRL, c;;‘o, cgig 104 molm ™% (10~7 mol-L~1)
concentration of water in BM, clﬁ‘;‘o 6000 mol'm—3
initial concentration of water in TRL, c;;;"o 6000 mol-m—3
temperature, T 293.15 K
thickness of the layers, d 1074m
diffusion coefficient of water in both layers, Dy, 0 10~ m?s~?! experimental determination

concentration. of fixed groups, X

1.5 x 10% mol-m~—3

concentration in TRL. Thus the observable current
density as calculated from Eq.(14) is also decreasing
as shown in Fig. 5. It should be noted that if the water
concentration in the TRL reaches a very small value,
the water dissociation and hence the current density
will be limited by the diffusion of water into the mem-
brane. Therefore, in practical operations, a bipolar
membrane with high water diffusivity is strongly rec-
ommended for enhancing water splitting and saving
energy.

‘Water content in the membrane has the same posi-
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Figure 4 Influence of Dy,o on the water

concentration in TRL
Dygo, m*s~?: 1—1078; 2—10~9; 3—10719; 4—10-11

12
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uv,v

Figure 6§ Influence of Di,0 on the current-voltage
curve
Dyyo, m¥g~l: —— 1078, —A— 10710, —V— 1071
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tive effect as water diffusivity. As shown in Fig. 6, with
the increasing content of water contained initially in
the membrane, decline of the rate of water concentra-
tion in TRL will be slowed down. Just as observed in
Fig. 7, the water concentration in TRL will increase at
the same voltage applied, and thus the current density
increases and water dissociation is favorable.

usv

Figure 8 Influence of initial water concentration in
the membrane on the current-voltage curve
cll,l';loi molm~3%: 1—2000; 2—4000; 3—6000

[
3
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Figure 7 Influence of initial water concentration in

the membrane on that in the transition layer

c%';‘o. mol-m—3: 1—2000; 2—4000; 3—6000

Figure 8 demonstrates the current-voltage curves
for water dissociation using a bipolar membrane, com-
puted for different temperatures. Typical parameters
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as shown in Table 1 have been used in calculation. It
is obvious that water-splitting effects is enhanced as
temperature increases. This enhancement of electric
current is vague from model Eqgs. (10}—(14) , but it
can qualitatively explained by the classic relationship
for the rate constants involved in each equation4

’T (17

ENT) = Aexp {-— ﬂ]
where A is the value of the rate constant at a refer-
ence temperature and E, is the activation energy of
the process and has a typical value of 106 kJ-mol~1(25],
Therefore, an increase in the rate constant with tem-
perature is observed based on Egs. (11), (12) and (15)
as depicted in Fig. 9. This may be mainly responsible
for acceleration of water dissociation.
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Figure 8 Influence of temperature on the
current-voltage curve
T, K: 1—293.15; 2—303.15; 3—333.15

107
10°F

10%

kst

10

107°F

107!

(=1
—
-t

2 3
us.v

Figure 9 Influence of temperature on the water
dissociation rate constant
7T, K: 1—293.15; 2—303.15; 3—333.15

Effect of relative permittivity is shown in Fig.10.
It can be seen that an increase in relative permittivity
has the tendency to slow down water splitting. Appre-
ciable accelerated water dissociation is observed only
at the case that &, is less than about 10 because the
rate constant is significant larger at low &, compared
with that at high £, as shown in Fig. 11.
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Figure 10 Influence of relative permittivity on the
current-voltage curve
£r: 1—8 2—10; 3—20; 4—30

Figure 11 Influence of relative permittivity on the
water dissociation rate constant
& 1—9; 2—10; 3—20; 4—30

3.2 Verification of the derived models from the
experimental observations

The theoretically calculated data and the mea-
sured current-voltage curves are shown in Figs. 12 and
13. The membrane in Fig. 12 is prepared in our lab
which has nearly the same parameters as the typi-
cal ones26l. Obviously, the experimentally measured
current densities are consistent with thearetical calcu-
lation. However, it should be noted that our model
describes the electric current due to the water dissoci-
ation process (transport of water ions and the related
reaction) and thus predicts the I-U curves guite well
at relatively higher current densities. For further com-
parison, experimental data for the membrane denoted
as bml from literature!® is used and the theoretical
calculation was made under their experimental condi-
tions. The result is shown in Fig. 13, indicating that
our model can give fairly good prediction except cer-
tain deviation at high voltage region due to that the
referred bm1 membrane has a relatively low water per-
meability.
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Figure 12 Calculated and measured I-U curves of a
self-made bipolar membrane
{X = 1500, Dy,0 = 10~%, d = 0.1 nm and other parameters
conformed to Table 1)
— theoretical; A experimental points[28]
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Figure 13 Comparison of the experinmental and
theoretical in literature for bml membrane
(X =1000, Do = 5.5 x 10710, d = 0.08 nm and other
parameters conformed to Table 1)

[ ] experimental[ej; —— calculated data

4 CONCLUSIONS

A simple model was established to describe the
theoretical current-voltage relationship across bipolar
membranes with both the transports of water ions and
the reaction taken into consideration. Particular at-
tention was given to the influence of applied voltage
on water concentration in the transition layer and the
dissociation constant. The factors on the water split-
ting process, such as water diffusivity, water content,
ion exchange capacity, temperature, relative permit-
tivity, etc. were adegunately analysed based on the
derived model. For practical applications, a bipolar
membrane with proper ion exchange capacity, high
water content, high permeability to water and a third
layer which may be composed of amphiprotic hydrox-
ide compounds or polymeric weak acid to decrease
the relative permittivity is strongly recommended?1l.
Furthermore, operation at a relatively high tempera-
ture is also suggested.

The water dissociation tests were conducted and
compared with both the theoretical calculation and
the measured current-voltage curves reported in liter-
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ature, which showed some consistence with a practi-
cal current-voltage behavior of a bipolar membrane
at high current densities when the splitting of wa-
ter actually commenced. However, uncertainty exists
about the relative permittivity and deviation of the
recommended membrane parameters from the practi-
cal measurements, more precise prediction to the ex-
perimental data seems to be difficult.

NOMENCLATURE

¢ concentration for water and water ions, mol-m=—3

D diffusion coefficient, ms~2

d thickness, m

E electrical field strength, V.m™!

F Faraday constant, 96486 A.s-mol ™!

I current density, A-M—2

J flux, molm 2571

R gas constant, 8.314J-mol~1.K!

T reaction rate

T temperature, K

t time, s

U potential drop, V

u mobility, em?2.g~1.v !

X fixed group concentration of monolayer, mel-m~3

€p permittivity of free space, 8.85 x 10712, AsV—lm~?

er relative permittivity

A depletion thickness, m
Superscripts

A anion exchange layer

bm bipolar membrane

C cation exchange layer

tr transition layer

a initial value (t = @)
Subscripts

Ht protons

H20  water

diff diffusion

i species §

m membrane phase

mig migration

OH~  hydroxyl ions
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