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Abstract A mathematical model to represent three-
dimensional bipolar electrodes is proposed taken into
account the leakage current. The model is analytically
solved when the electrochemical reaction has a mass-
transfer control at low overpotentials, which represents a
limiting case of the general mathematical treatment. For
this simplified situation, expressions are deduced to eval-
uate the current and potential distribution and to calculate
the leakage current. The effect on the leakage current of
kinetic, electrochemical and geometric variables, which are
lumped into one dimensionless number, is discussed. The
influence of the leakage current on the optimal bed depth
under limiting current conditions is also analyzed. Like-
wise, experimental data, using the deposition—dissolution
of copper as test reaction, are compared with the theoretical
prediction of the general treatment achieving a good
agreement between both.

Keywords Bipolar electrodes - Current distribution -

Electrochemical reactors - Leakage current -
Three-dimensional electrodes

List of symbols

Variables

A Surface area per unit electrode volume (m™ )
C Concentration (mol m™—>, mol dm ™ or ppm)
d Wire diameter (m)

O. Gonzilez Pérez - J. M. Bisang (D<)
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3000AOM Santa Fe, Argentina

e-mail: jbisang@fiq.unl.edu.ar

D Diffusion coefficient (m2 sfl)

Ey Reversible electrode potential (V)

E) Reversible electrode potential under standard
conditions (V)

F Faraday constant (C mol_l)

i Current density (A m?)

1 Total current (A)

I Leakage current (A)

Jj Reaction rate (A m72)

Jd j-factor for mass transfer = k,,/(u/¢) Sc*?

Jo Exchange current density (A m~?)

JL Limiting current density (A m~?)

km Mass-transfer coefficient (m s ')

L Thickness of the bipolar electrode (m)

L. Thickness of the cathodic part at the bipolar
electrode (m)
M Atomic weight (kg mol™")

RT/F Constant (0.0261 V at 30 °C) (V)
Re Reynolds number = ud/(ev)

R, Polarization resistance (Q2)

R, Electrolyte resistance (Q2)

S Membrane area (m?)

Sc Schmidt number = v/D

t Time of the experiment (s or min)
u Superficial electrolyte flow velocity (m s™')
Wa Wagner number

X Axial coordinate (m)

y Axial coordinate (m)

z Axial coordinate (m)

Greek characters

f  Charge-transfer coefficient

y  Activity coefficient

0  Density (kg m™°)

Ar  Change in the wire radius (m)
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Porosity

n  Overpotential (V)

\J Kinematic viscosity (m?s™h

ve  Charge number of the electrode reaction

p  Effective resistivity (Q m)

p°  Electrolyte resistivity (Q m)

¢  Potential (V)

Y By-passed fraction of the total current defined by
Eq. 30

Q  Parameter given by Eq. 20

Subscripts

exp Experimental
m Metal phase

S Solution phase
th Theoretical

1 Introduction

Increasingly stringent legislation for effluents calls for
reliable and cost-efficient processes for the purification of
waste water. Electrochemistry can offer alternatives which
compete favourably with more common technologies.
Likewise, some electrochemical production processes take
place under mass transport control at low rates to be carried
out in conventional electrochemical reactors. Thus, three-
dimensional electrodes are used to increase the production
per unit of reactor volume. These electrodes are frequently
proposed with a monopolar arrangement, where the elec-
trodes have a single polarity, either anodes or cathodes. In
spite of the good performance of these devices, an external
electrical connection at each electrode of the reactor is
required, which can be troublesome for some three-
dimensional structures. In order to circumvent this diffi-
culty, a bipolar connection is attractive. Electrochemical
reactors with bipolar parallel plate electrodes are profusely
used in the industrial practice, and the state of the art is
properly shown by Pletcher and Walsh [1]. However, the
modelling of electrochemical reactors with three-dimen-
sional bipolar electrodes is scarcely treated in the literature,
and some contributions are summarized in [2]. Also, Alkire
[3] presented a pioneering work related to the theoretical
study of porous bipolar electrodes, which are considered to
be the overlapping of two continua: the solution phase and
the metal phase. The overpotential and concentration dis-
tributions are obtained by numerical solution of the differ-
ential equations assuming a single reaction with a combined
diffusion and charge-transfer kinetic control. The influence
of the system parameters on the reaction rate distribution is
discussed. However, the effect of the leakage current has
been disregarded. Fleischmann and Ibrisagi¢ [4] have
extended the model to bipolar trickle bed reactors.
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Goodridge et al. [5, 6] and Goodridge [7] studied the
behaviour of conductive particles set in an electrical field.
In [5], the particles are mechanically isolated between them,
whereas in [6, 7] the separation of the particles is achieved
by fluidization. These contributions give more attention to
the specific energy consumption of the reactors and the
theoretical values are compared with experimental ones
obtained using the production of hypochlorite, hypobro-
mite, epoxidation of styrene and synthesis of dimethyl se-
bacate as test reactions. Kusakabe et al. [8, 9] measured
separately the faradaic current in the particulate phase, the
leakage or by-pass current in the electrolyte phase and the
short-circuiting current in regularly and randomly bipolar
packed-bed electrodes. An inert bed of non-conducting
pellets was used to measure the leakage current. Miyazaki
et al. [10] presented a method to simulate the potential and
current distribution in an electrochemical reactor with
spherical conductive particles. The solution was simulated
by a conductive paper and the kinetics at the electrode
surface by an electric circuit. It was concluded that the
simulator was appropriate to represent the reactors. Sasaki
and Ishikawa [11] measured the faradaic current in a bipolar
disk reactor with many holes using a split electrode, the
results are interpreted with a network model, and it was
concluded that the by-pass resistance increases with the
applied current. Moreover, Cheng et al. [12] reported the
modelling of potentials, concentrations and current densi-
ties for flow through porous electrodes with monopolar or
bipolar electric connections. For the removal of Pb(Il) ions,
the monopolar system showed the best performance due to
the leakage currents in the bipolar arrangement. The bipolar
three-dimensional electrodes are generally used with a
stationary configuration of electrodes. However, Sasaki and
Ishikawa [13] studied the copper deposition from dilute
solutions with a rotating bipolar cell made up of disc elec-
trodes with fins attached to the anode to promote turbulence
and scrape the deposited metal. Furthermore, to vary the
electrode potential by mechanically moving a cylindrical
electrode through different potential regions, Nadebaum
et al. [14, 15] have employed a rotating bipolar electrode.
Several authors have studied the production of substances
using bipolar three-dimensional electrodes. Thus, Fleisch-
mann et al. [16] reported the reduction of 2-nitropropane to
isopropylhydroxylamine and isopropylamine in an undi-
vided, flooded, bipolar reactor. Bakir Ogutveren et al. [17]
have investigated the production of Co(IIl) acetate using a
bipolar trickle tower of graphite Raschig rings with the
purpose of the regeneration of catalysts. With the same aim,
Giivenc et al. [18] reported that a bipolar packed-bed reactor
is suitable for the oxidation of Mn(Il) acetate. Boussou-
lengas et al. [19], Ellis and Jansson [20] and Franke et al.
[21] investigated the production of propylene oxide using a
bipolar trickle tower. Kim et al. [22] reported the reaction
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kinetics, current efficiency and energy consumption for the
electrochemical methoxylation of p-tert-butyltoluene with a
bipolar packed-bed electrode cell. The electro-synthesis of
alkaline peroxide in a bipolar reactor was studied by Gupta
and Oloman [23]. Likewise, due to their simple electrical
arrangement, bipolar electrochemical reactors with three-
dimensional electrodes have been proposed for effluent
treatment. Thus, Ehdaie et al. [24] reported the scavenging
of metal ions with a bipolar trickle tower, and Cox et al. [25]
analyzed a similar device for the treatment of effluents from
adipic acid plants. The electrochemical reduction of copper
ions in bipolar systems was studied in [26]. Grau and Bisang
[27] recently reported the behaviour of a bipolar electro-
chemical reactor consisting of a rotating cylindrical elec-
trode of woven-wire meshes for copper or cadmium
deposition from dilute solutions.

Taken into account that bipolar electrochemical reactors
with three-dimensional electrodes represent promising
devices for industrial practice, the aim of the present study
is to contribute to the modelling of these reactors, con-
sidering the effect of the leakage currents on the current
distribution, and to compare the theoretical data with
experimental results to determine the predictive suitability
of the mathematical model.

2 Mathematical modelling
2.1 General treatment

Figure 1 schematically shows a bipolar three-dimensional
electrode placed between two terminal electrodes, where a
diagram of the variation of the current in the solution and
metal phases is also given. In the following theoretical
analysis, some simplifying assumptions are made:

(i) The specific surface area and the porosity of the three-

dimensional structure are uniform.

(ii) The variation of overpotential occurs along a single
spatial dimension, x coordinate.

(iii) Only one reversible electrochemical reaction, under
combined diffusion and charge-transfer kinetic con-
trol, takes place. Thus, the concentration variation is
not taken into account. Although, this kinetic
expression restricts the application of the model its
essential features are maintained, and the calculation
procedure is illustrated.

(iv) Operation proceeds in the steady-state without
structural changes in the electrode. Thus, properties
of the electrodes remain constant with time. For
deposition—dissolution of metals the specific surface
area and the porosity are modified during the
experiment. In this case, the present model represents
a first approach for the reactor calculation.

e N |
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Fig. 1 Diagram of an electrochemical stack with one bipolar three-
dimensional electrode. A—terminal anode, B—bipolar electrode and
C—terminal cathode. Inset: schematic representation of the current
variations in the metal and solution phases inside the bipolar electrode

(v) The migration of the reactive species is disregarded
due to the presence of a supporting electrolyte.

(vi) The effective resistivity of the metal phase is
negligible in comparison with that of the solution
phase.

The current balance in the solution phase yields

dis
B0 aio). (1
The Ohm’s law for the solution phase is
do,(x .
W i), )

Assuming the metal phase as isopotential the overpotential
is given by

N(x) = dn — ¢5(x) — Eo. (3)

Combining Eqs. 1-3 results in the following differential
equation

& (x) .
o2 = PAd), (4)
with the boundary conditions
d I
atx=01is aﬂ x:oz Psg (5)
d 1
atx =L is aﬂ x:L: Psg: (6)

Integrating Eq. 1, it is obtained
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is(x) - g: _As/j(x) dx, (7)

X

where I" is the leakage current, which by-passes the bipolar
electrode. Evaluating Eq. 7 at x = 0, the current at the
cathodic side of the bipolar electrode results in

LC

Leathodic side = ]()C) dx. (8)

I*
-5 = —Aq

0

|~

Analogously, the current at the anodic side is

I anodic side —

Ll ~

e / j(x) dx. (9)

Combining Eq. 7 with Eqgs. 2 and 3 and rearranging yields

dn(x)
dx

L.
I*
_ ;S—psAs/j(x) dx. (10)

X

X

The evaluation of Eq. 10 at x = L., when the overpotential

is zero, allows the calculation of the leakage current

according to

_Sdy
ps dx

I*

(11)

x=L,

Adopting for the kinetics a combined diffusion and charge-
transfer expression according to

_ o exp [efn(x)] — 1 .
exp [ Fon(x)] /o — 1/

(12)

Thus, j is negative for the cathodic part and positive for the
anodic one. Being

jL = —veFknC. (13)

Several equations are proposed in the literature to calculate
the mass-transfer coefficient in three-dimensional electrodes
of woven-wire meshes, which were summarized by Ceeuret
and Storck [28]. However, in these calculations the
correlation proposed by Storck et al. [29] was used because
it corresponds to the case of current and electrolyte flows at
right angles, according to:

jg = 0.4Re™ %7, (14)

However, for deposition—dissolution of metals at the
bipolar electrode, the so calculated mass-transfer coeffi-
cient represents a conservative value because the properties
of the electrode are altered during the experiment in a non-
predicted manner.
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Further equations to solve the mathematical treatment
are the Bruggeman relationship to calculate the effective
electrolyte resistivity:

ps=pe 2, (15)

and the reversible electrode potential is given by the Nernst
equation

RT
Ey :E8+ﬁlnCy. (16)
(&

The activity coefficient of the cupric ions was assumed
equal to the mean ionic activity coefficient of the cupric
sulphate, which was estimated according to the method of
Kusik and Meissner [30].

The simultaneous and iterative solution of Egs. 4, 8 and
11-16 allows the calculation of the potential and current
distribution, total current and leakage current for a bipolar
three-dimensional electrode. These calculations were per-
formed using the finite difference method. The calculation
procedure is shown in more detail in Fig. 2. Table 1

Set geometrical, physicochemical
and kinetic parameters

v
Input /
v
Assume 7(0)
v

Calculate #7(x) by the finite
difference method and using Eqgs. 4
and 5

!

| Calculate j(x) with Eq. 12 |
v Change 7(0)

| Calculate Icamodic siee With Eq. 8 |
)

| Calculate Iynodic siae With Eq. 9 |

Is Leathodic side= Tanodic side

| Calculate 7* with Eq. 11

v
Output n(x), j(x), I*, I, y, Le

End

Fig. 2 Flow chart illustrating the calculation procedure
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Table 1 Physicochemical properties and kinetic parameters used in QS|n(0)| cosh QL _q
modelling I-I'= [(0) ( 2 ) (23)

p° (Q m) 9.5 x 1072

v (m? s 1.11 x 107

D (m*s™h [7.35-5.3C%% (mol dm™)] x 107'°
Scu (kg m™) 8.88 x 10°

ES (V vs. SCE) 0.1

v&2 0.0414

jo (A m™?) 1.13 x 1072 ¢*** (ppm)

B 0.36

Ve 2

summarizes the physicochemical properties and kinetic
parameters used in the calculations.

2.2 Reaction controlled by mass-transfer at low
overpotentials

As the rigorous calculations are cumbersome, in the fol-
lowing deduction, the above mathematical treatment will
be solved considering for the kinetics a mass-transfer
controlled expression according to

. . veF
0 =i{ 1= exp o) . (1)
At low overpotentials Eq. 17 is simplified to
. . VeF
= ljL|=—n(x). 18
) = i) (18)
Introducing Eq. 18 into Eq. 4 results in
dn(x)
10— () (19)
being
veF
O = p At |5 20
Ps sl]L|RT (20)

Solving Eq. 19 with the boundary conditions given by
Egs. 5 and 6 results for the overpotential distribution inside
the bipolar electrode

sinh [Q (% — x)}

(2
sinh (&)
Evaluating Eq. 21 at x = L/2 is n(L/2) = 0. Therefore, for

this kinetic control L, = L/2. Combining Eqs. 18 and 21,
the current distribution is given by

sinh [Q (% - x)]

sinh (%)

n(x) = n(0) (21

) = i (0) (22)

Introducing Eq. 22 into Eq. 8, solving and rearranging
results in

Ds sinh (%)

Likewise, introducing the first derivative of Eq. 21,
evaluated at x = L/2, into Eq. 11 and rearranging yields
. _ QS (0)]

~ p,sinh (%) 24

For small values of the argument is

. QL QL

Introducing Eq. 25 in Eq. 24 results in

_ 25O S 1y 0y ()] (26)

pL pL

I*
and combining Eqgs. 21 and 25 is

) =n0)(1-3). @)
Equation 26 gives the leakage current for a three-
dimensional bipolar electrode when the overpotential
distribution in the bed is linear, Eq. 27, which coincides
with the expected current through an inert bed. Therefore,
combining Eqgs. 24 and 26 leads to

Iy 2
ipolar electrode _ 2 ] (28)
I |inert bed sinh (%)

Equation 28 shows that the leakage current in a bipolar
electrode is always smaller than the current through an
inert bed with the same geometric characteristics. Both
currents only coincide for small values of %; for which,
according to Eq. 27, a linear overpotential distribution is
obtained. Therefore, the leakage current in a bipolar three-
dimensional electrode cannot be obtained from a separate
experiment with an inert bed of identical geometric
dimensions because the faradaic current and the leakage
current are coupled in an active electrode. Thus, the leak-
age current modifies the potential distribution inside the
electrode and alters the faradaic current, but at the same
time, the faradaic current changes the potential gradient in
the solution phase and diminishes the leakage current.
Experimental measurements performed with an inert bed
allow only the estimate of the maximum value of the
leakage current for the system.

Introducing Eq. 24 into Eq. 23 results for the total
current

_ QS|y(0)] cosh ()

1 .
o, sinh(%)

(29)

The by-passed fraction of the total current is defined by
Burnet and Danly [31] as
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I*
=—. 30
=7 (30)
Combining Eqs. 24 and 29 yields
1
=— . 31
cosh(%) S

The by-passed fraction of the total current, 1, is a function
of the dimensionless number QL, which depends on the
geometry of the electrode, the resistivity of the electrolyte
and the kinetic parameters of the reaction. The Wagner
number [32] is defined as the ratio of polarization and
electrolyte resistance:

R
Wa = -2 32
a=g (32)
being
psL
Ry =—-. 33
=t (33)
And, taking the first derivative of Eq. 18 is
dn RT
Ry=—=——7-—. 34
P7dl veFljL|ASL (34)
Introducing Egs. 33 and 34 in Eq. 32 yields
RT
psVeF|jL|AsL
Comparing Eqgs. 20 and 34 results
1
Wa= —. 36
V oL (36)

In this way, all parameters, which have an influence on the
current distribution and on the by-passed fraction of the
total current, combine in a single dimensionless variable
similar to that used in current distribution problems for
other electrochemical systems.

According to Eqgs. 31 and 36, a decrease in the Wagner
number diminishes the fraction of the leakage current.
Therefore, y markedly decreases when the effective elec-
trolyte resistivity increases. Thus, for a bipolar three-
dimensional electrode it may be convenient to allow the
generation of gases, as side reactions inside the electrode,
so as to reduce the by-passed fraction of current due to the
increase in the effective resistivity. A withdrawal of this
proposal is the decrease of the current efficiency. Likewise,
a material with a higher specific surface area must be
adopted to diminish the by-passed fraction of current. The
processing of very dilute solutions, characterized by a low
limiting current density will produce high . In order to
counteract this deleterious aspect, it is necessary to choose
intricate materials to make the three-dimensional electrode
to increase the mass-transfer coefficient due to its turbu-
lence promoting action. Similarly, high bed thickness
improves the performance of the electrode. Taken into
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account Eq. 31, for a reaction under mass-transfer control
at low overpotentials, when QL/2 is higher than 3, the
leakage current represents about 10% of the total current.

2.3 Reaction controlled by mass-transfer at limiting
current conditions in the cathodic side: optimum
bed depth

When the cathodic overpotential at x = 0 becomes quite
negative, most of the cathodic side is working under limiting
current conditions. Thus, for the cathodic side Eq. 17 is
Jx) =jL (37)
introducing Eq. 37 in Eq. 4, and solving with the following
boundary conditions at x = 0

dn 1
n=n(0) and &~ Psg (38)
it results in

1 22

n(x) = n(0) + per = pALIS- (39)
Introducing Eq. 37 in Eq. 8 and solving
I I i
Combining Eqgs. 39 and 40 and evaluating at x = L.

r , L2
U(Lc) = 7/(0) + ps S + AsljL|Le ) Le — psASl]L|7' (41)

Rearranging Eq. 41, yields for the cathodic bed thickness

I I \? 2[n(Le) — n(0)]

S s \/<SAva> oA W
When I” = 0, Eq. 42 is simplified to

Lc — 2['7(146) B 77(0)] (43)

psASUL|

Thus, the optimal bed thickness for a monopolar three-
dimensional electrode, according to Kreysa [33], is
recovered. Comparing Eqgs. 42 and 43, it is concluded that
in a bipolar three-dimensional electrode working with the
cathodic side under limiting current conditions the optimal
bed thickness is lower than those of a monopolar electrode
under the same operative conditions. This behaviour is
explained by stating that the leakage current increases the
potential distribution inside the electrode.

3 Experimental

The experiments were performed in a flow-by electro-
chemical reactor, schematically shown in Fig. 3a, made of
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three compartments. The external compartments contain
the terminal electrodes and the one in the middle, the
bipolar electrode. The terminal electrodes were made of 10
segments of nickel positioned near the separator and
inclined 30° from the vertical to deviate the gases to the
backside of the electrodes. This inclination angle is in the
optimal range recommended by Kreysa and Kiilps [34] for
gas evolving electrodes. A calibrated resistor made from
constantan wire, 100 mm long, 1.5 mm diameter and
approximately 0.02 Q resistance, was intercalated between
the backside of each segment and the current feeder of
the terminal electrode. By measuring the ohmic drop in the
corresponding resistor, it was possible to determine
the axial current distribution at each terminal electrode.
The projected area of each segment on the separator was
1 x 5 cm? and the backside of each segment was covered
with epoxy resin to make it non-conductive. The data
acquisition was performed with an analogue multiplexer
commanded by a computer. The influence of these resistors
on the cell voltage is negligible due to the small value of its
resistance.

The bipolar electrode was a stack of nets fabricated from
rectangular plates, 50 mm x 100 mm, which were welded
at several points in the perimeter to obtain mechanical
stability of the structure and to ensure isopotentiality of the
metal phase. The cathodic part of the bipolar electrode was
made from a 304 stainless steel woven-wire mesh, 50 mesh

@ O WO 6 O
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Fig. 3 a Exploded view of the electrochemical reactor with a bipolar
three-dimensional electrode. 1—terminal plates, 2—segmented
inclined terminal electrodes, 3—bipolar three-dimensional electrode,
4——cationic exchange membranes, 5—gaskets, 6—electrolyte inlet,
7—electrolyte outlet, 8—NaOH solution inlet, 9—NaOH solution
outlet, 10—flow distributor plates, 11—calibrated resistors, 12—
electrical connexion to the terminal electrodes, 13—ports for the

v B»O®G ©

size (0.177 mm wire diameter and 0.331 mm distance
between wires), whereas a similar copper mesh was used
for the anodic region. The average value of the geometric
specific surface area was approximately 6,420 m~" with a
void fraction of 0.70. The thickness of the bipolar electrode
was 17 mm. The bipolar electrode was separated from the
terminal electrodes by cationic exchange membranes.

Owing to the special construction of this reactor, the
primary current distribution is uniform. Likewise, to
achieve more uniform mass-transfer conditions along the
reactor, flow distributor plates with 149 holes, 1.5 mm in
diameter, were arranged in the inlet and outlet of the
electrolyte in each compartment. The reactor was made
part of two flow circuit systems, as shown in Fig. 3b,
consisting of pumps, flow meter and connections to
maintain the temperature at the preset value (30 °C). In all
experiments, the volumetric flow rate in the bipolar elec-
trode was 6.06 x 107°m? s™".

The experiments were carried out galvanostatically; two
saturated calomel electrodes were used as reference elec-
trodes, each being connected to Haber—Luggin capillaries
positioned at both sides of the bipolar electrode.

The electrolyte solution in the bipolar electrode was 1 M
Na,SO,4 and H,SO,, to obtain pH 2, with a copper con-
centration of approximately 600 ppm. During the experi-
ment, samples of solution were taken at intervals from the
reactor outlet to determine the copper concentration by

® O w o

)
©

®6® ®

Haber-Luggin capillaries, 14—electrical connexion to measure the
potential of the bipolar electrode. b Scheme of the electrolyte
circulation systems. Full line: solution in the bipolar electrode;
dashed line: NaOH solution for the terminal electrodes. 1—centrif-
ugal pump, 2—peristaltic pump, 3—thermostat, 4—valves, 5—flow
meter, 6—electrochemical reactor, 7—reservoirs

@ Springer



716

J Appl Electrochem (2010) 40:709-718

complexometry. A solution of 1 M NaOH was used in the
terminal compartments, hydrogen and oxygen evolution
were the cathodic and anodic reactions at the terminal
electrodes.

After the experiments, some epoxy resin was poured
into the three-dimensional bipolar electrode and cured.
Cross-sections of the electrode were polished and exam-
ined with a metallurgical microscope to determine the
thickness distribution of the deposit and the diminution of
the wire diameter in the anodic region along the electrode
thickness.

According to the Faraday law, the change in radius of a
wire in the three-dimensional electrode is related to the
local current density by the following equation

M j(x)t
A =— . 44
) = — s (44)
At low overpotentials Eq. 12 is simplified to
veF
RT;/’('x) (45)

) e

Taking the first derivative of Eq. 45 evaluated at x = L. is

i) :EG‘%M@
x=L, VeF .0 jL dx

dx
Combining Egs. 11, 44 and 46 and rearranging, the leakage
current was calculated by

[ SRT6 (/1 1 )dAr(x)
psMt \jo jL/) dx

(40)

x=L¢

(47)

x=L.

The slope of the thickness variation at L. was determined
by a linear fitting of the experimental results.

4 Results and discussion

Figure 4 shows the current at the terminal electrodes as a
function of the axial position y. The vertical bar represents
the standard error of the mean. It can be observed that, in
spite of the symmetrical arrangement of the reactor, the
axial current distribution of the terminal anode is more
uniform than that of the terminal cathode; for which a sheer
change in the current is mainly detected in the inlet region
of the reactor. This behaviour can be attributed to the
anodic reaction at the bipolar electrode because the
polarization resistance for the copper dissolution decreases
suddenly when the current increases. Thus, the copper
dissolution is favoured in the inlet region where the con-
centration can be smaller.

Figure 5 reports some micrographs of cross-sections of
wires, magnification x 100, in the three-dimensional bipo-
lar electrode to show the dependence of the morphology
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Fig. 4 Current as a function of the axial position. a Terminal anode;
b Terminal cathode. Filled square: 1= 2.0 A; Filled circle:
I =25 A; Filled triangle: I = 3.0 A. Vertical bars: standard error
of the mean

with the position, x and z coordinates. The deposits
obtained near the terminal anode show dendritic charac-
teristics. Those electrodeposited in the central part are
nodular, and a more compact nature is detected in the
deposited copper in the region far from the terminal anode,
where lower values of overpotential are achieved. As
expected, a more dendritic nature was observed when the
current is increased. Furthermore, the deposits generally
show a similar thickness in all the perimeter of a wire.
However, some abnormal situations were observed in the
intersection between two wires; where, due to the shielding
effect, the thickness of the deposit is lower in the contact
region of the wires. In the anodic part of the bipolar
electrode, a high non-uniformity was observed for the
copper dissolution.
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Fig. 5 Morphology of the
deposits as a function of the
position in the cross-sectional
area for the cathodic side of the
three-dimensional bipolar
electrode. I = 2 A,

t = 360 min, y = 50 mm.

000

(L,50)

Dimensions of the x and z
coordinates in mm.
Magnification x 100

(0,0)

Figure 6 shows the change of the wire radius along the
electrode thickness, x coordinate, at y = 5 cm for a typical
experiment. Each point is the mean value, which was
determined with an image analysis and processing soft-
ware, of the radius change at five different positions along
the electrode width, i.e. at both edges, in the centre and in
the middle regions between them. The vertical bar repre-
sents the standard error of the mean. Due to the anisotropy
of the three-dimensional electrode, the Ar distribution
depends on the z values. However, the same tendency was
observed in all cases. The full line represents the theoret-
ical behaviour. A close agreement between experimental
and theoretical results is obtained in the middle of the
cathodic region of the bipolar electrode. The measurement
of the deposit thickness near the terminal anode is quite
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Fig. 6 Mean value of the change of wire radius as a function of the x
coordinate at y = 50 mm, I = 2.5 A. Vertical bars: standard error of
the mean. Full line: theoretical prediction. Inset: enlargement of the
cathodic region at low overpotentials. Dotted line: linear correlation
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insecure due to the dendritic nature of the deposits and the
deposit thickness is small in the region of low cathodic
overpotentials. A high scattering of the experimental
results is observed in the anodic part of the bipolar elec-
trode due to the non-uniform dissolution of copper. The
inset in Fig. 6 shows the cathodic region at low overpo-
tentials, its slope was used in Eq. 47 to estimate the leakage
current in the bipolar electrode. In some experiments, a
high discrepancy was observed between the experimental
and theoretical overpotentials at both sides of the bipolar
electrode. This can be explained taken into account that in
the first place the experimental values were measured in
only one point in the periphery of the electrode, and second
that the bipolar electrode shows an important overpotential
variation with the position, mainly in the anodic region.
Table 2 summarizes the results of the experiments per-
formed at different total currents, where a close agreement
can be observed between the calculated and measured
values of the thickness of the cathodic part at the bipolar
electrode, L. Likewise, the theoretical by-passed fraction
of the total current well agrees with the estimated values
from the experimental results.

Figure 7 reports the theoretical values of s as a function
of the total current. The diminution of i/ can be explained
considering that in a bipolar reactor there are two paths for
the flow of current: (i) the faradaic path where the current
flows through the bipolar electrodes and (ii) the by-passed
path where the bipolar electrodes are excluded. The former

Table 2 Summary of experimental results

1 t . Cmean L. ‘exp L. |lh lplexp lMlh
(A)  (min) (ppm) (mm) (mm) (%) (%)
2 360 617 12 11.56 5.89 5.75
25 180 580 12 11.79 3.81 5.39
3 180 588 12 12.06 8.29 5.53
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Fig. 7 Theoretical by-passed current fraction as a function of the
total current. Kinetics: diffusion and charge-transfer control. Param-
eters according to Table 1. Ay = 6,420 m~', ¢ = 0.7, C = 600 ppm

is characterized by the polarization resistance and the latter
by the electrolyte resistance inside the electrode. When the
faradaic current increases the polarization resistance also
increases and the by-passed path is favoured. Thus, the
leakage current is enlarged. However, the increase in the
faradaic current is higher than that in the leakage current
and y decreases when the current increases. The contrary
behaviour is observed at low currents.

5 Conclusions

(i) A suitable agreement, within the accuracy expected
for experiments involving metal deposition, was
achieved between the experimental results of thick-
ness distribution and theoretical calculations. These
were obtained from the solution of a model for bipolar
three-dimensional electrode taken into account the
leakage current.

(ii)) The electrochemical reactor shows axial current
distribution as a consequence of the polarization
resistance of the anodic reaction at the bipolar
electrode.

(iii)) The electrodeposited metal thickness varies with the
position along the electrode width due to the non-
uniformity of the solution flow inside the electrode.

(iv) Different morphological electrodeposits are obtained
along the cathodic bed thickness due to the overpo-
tential distribution in this coordinate.
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