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Abstract

Advances in electrochemical engineering are reviewed, and the
methodology of the analysis of electrochemical systems is outlined.
Examples illustrative of current research concern simultaneous
reactions for flow-through porous electrodes and the more fundamental
system of a rotating-disk electrode. Here the undesirable side reaction
is the formatioﬁ of,dissplved hydrogen,and‘theamain reaction is the
depoéition of copper'fr9m $u1furic acid solutions. ‘Distributions>of
reaction rate, concentration, and potential describe the detailed
system behavior. The side reaction is responsible for the poorly
defined limiting-current plateau on the disk electrode and provides
a limit for the maximum flow rate at which good recovery can be

achieved with the porous electrode. v
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Plenary lecture presented at the 27th Meeting of the International
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Electrochemical Engineering

We should like to begin this conference with a definition of
electrochemical engineefing. Pleasé realize that many of us have
our individual concept of the scope of the field. In an attempt to
avoid generafing controversy, I shall emphasize the thoughts of
Wagner}‘ He says that electrochemical engineering deals with the problem
of scale up -—— that is, the design of commercial systems from laboratory
data. We should get the impression that we can focus attention on a
certain length, characteristic of the cell in question.

Other definitions of electrochemical engineering can come to
mind. For example, it might encompass the conception, design, and
optimization of electrode processes. Or it could involve the synthesis
of known principles and processes for useful purposes. Or it could
be stated that the central theme is the treatment of complete systems,
including the many factors which find simultaneous importance in
practical operations.

Wagner also laid down a specific program whereby one should
carry out the general objectives of electrochemical engineering. Central

to the effort toward scale up of processes. is the role of theoretical

-+, calculations confirmed by experiments. We should never neglect the

powerful influence which the application of this basic premise of the
scientific method can have in the rapid progression of science and :
technology. We should expect to see this principle applied in day-to-day
investigations, not just to revolutionary advances such as the wave-

particle duality of matter. We can be particularly delighted when

both of these important steps —- theory and experiment -- can be included

in an individual study and its subsequent report.
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In some cases, the system is too complex to permit convenient
theoretical calculations. Then the approach of electrochemical
engineering can be useful first in the identification of relevant
variables and second in the development of empirical correlatioms. We
might cite as examples here the characterization of mass transfer
with rotating cylinders in turbulent flow, mass transfer in free con-
vection, and mass transfer with simultaneous evolution of gas bubbles.

In reading his paper, we feel that Wagner is defining electro-
chemical engineering in its distinction from electrochemistry. He
emphasizes that the electrochemical engineer is. supposed, in carrying
out his work, to draw upon all the fundamentals of electrochemistry. 1In
particular, he mentions Faraday's law, electrolytic dissociation and
conduction, the thermodynamic treatment of the poténtial of galvanic
cells, and electrode kinetics.

Wagner distinguishes two principal problem areas for detailed
treatment, and indeed much of the effort in electrochemical engineering
can be fruitfully regarded on the basis of this classification.

The first basic problem is mass transfer, principally by means of
convection and diffusion. Here he cites work on free convection in
laminar flow at a vertical electrode. The problem of scale up is
exemplified by the fact that the limiting current density is inversely
proportional to the one-fourth power of the distance from the leading
edge of the electrode. In terms of the identification of relevant
variables, he points out that this conclusion can be reached by a

contemplation of the governing equations even though their detailed




solution to obtain the coefficient multiplying the distance factor
is not trivial.2 Experimental confirmation and empirical correlation
were achieved quite early.

The second basic problem area Wagne; identifies as one of
potentiél distribution —- applications of potentia1 theory according
to solutions of Laplace's equation, applicable in the absence of con-
centration variations. How does the current density depart from the
primary distribution to yield a finite value at the edge of an electrode?
An important problem of scale up is involved here, governed by the
ratio of the solution conductivity K to the slope di/dn of the
polarization curve of electrode kinetics and a characteristic length
L of the system. Even at the time of this conference, the Internatiomnal
Union of Pure and Applied Chemistry is taking steps to designate
k/L(di/dn) as the polarization parameter or Wagner number.

From these examples, it is apparent that relating electrochemical
engineering with scale up puts an emphasis on the transport processes
of conduction, diffusion, migration, and convection, whereas electro-
chemistry deals primarily with electrode processes at the surface itself.

While all the transport processes do occur simultaneously and can
sometimes be treated simultaneously, the two basic problem areas
identified by Wagner deal with two limiting cases which provide a conven-
ient basis for defining the behavior expected in a specific electrode
geometry. Consider two electrodes in the walls of a flow channel, as
depicted in figure 1. Figure 2 represents the current density distribution

along the upper cathode (facing downward so that natural convection
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Figure 1. "Plane electrodes in the walls of a
flow channel.
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Figure‘Z. Current distributions along an electrode embedded
in -the wall of a flow channel.
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will have a minimal effect on the flow pattern). The curve labeled
"limited by convection aﬁd diffusion" decreases continuously from the
left to the right along the electrode. The current density is high --
even infinite -- at the left where fresh solution reaches the electrode
and decreases toward the right as the solution becomes depleted while
flowing along the eiectrode. The distribution is independent of the
position of the counterelectrode. The curve labeled ﬁlimited by ohmic
drop" applies in the absence of significant concentration variation and
electrode surface’oyerpqteetial and is symmetric because the counter-

electrode is symmetrically placed on the opposite wall of the flow

channel. This distribution is independent of the flow pattern, as long

as there is sufficient convection to eliminate concentration variations.
However, it does depend on the placement of the counterelectrode,
including its distance. (For this example, L = 2h .) The current
density iebhigh near the edges of the electrode because of the close
spacing of the equipotential lines in this region, as shown in figure 3,
and the fact that the eurrent can flow through the solution in the
channel beyond the electrodes and can approach the‘electrode edge from
a larger range of angies than for other points along the electrode surface.
The average curreht density, with which the cerves are normalized,
also depends upon quite different quantities for the two cases in figure 2.
For the ohmically limited curve, the average current density is proportional
to the potential difference applied between the electrodes and inversely
proportional to the ohmic resistance of the system. This implies a
proportionality to the‘solution cenductivity, an inverse dependence on

the length characteristic of the system, and a quite different value for
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Figure 3. Sketch of current lines (solid) and equipotential
surfaces (dashed) for electrodes opposite each other
in insulating planes.
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a different placement of the counterelectrode. On the other hand,

the average current density limited by diffusion and convection is
proportional to the bulk concentration of feactant, the cube root

of the flow rate, and the two-thirds power of the diffusion coefficient
and i; inversely proportional to the cube root of the electrode length
in the direction of flow.

A ébnsidérabie body of literature deals with these limiting cases
where the current distribution is determined byAconvection and diffusion
on the one hand or by ohmic potential drop and surface overpotentials
on the oﬁher'hand. It ié a significant advance that the distribﬁtion
determined by all these factors simultaneously can now be calculated
for a number of situations. Parrish and Newman treated two electrodes
in the walls of a flow channél,4 as depicted in figure 1, and also the
simpler case of a short electrode in a wall with’féngéntial flow;5 For
these situations, the primary distribution and the limiting current
distribution are similar to those shown in figure 2, and one can imagine
how the distribution bg}ow tPe 1ip;§ing current éhows simultaneously
the influence'of-inhibifed ma;s transfer, ohmic fotential drop, and
electrode polarization.

The rotating disk electrdde6’7 is charactefiéed by a uniform limiting
current density and é ponuniform primary distribution (see figure 4).
The rotating sphere8“in figure 5 shows behavior intermediate between
the uniform primary digtribution and the mildly nonuniform limiting
distribution. Free éonvection in.a rectangular éell, treated by
Asada gg_gl.,g is another example with a uniform primary distribution

and a nonuniform limiting current distribution (see figure 6). Alkire
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Figure 4. System schematic and current distributions for a rotating
disk electrode.
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Figure 5. System schematic and current distributions for a rotating

. spherical electrode.
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Figure 6. Systen schematic and current distributions for electrodes
~ comprising the ends of a rectangular cell.
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and Mirarefi10 calculated the intermediate distribution on a tubular
electrode with the counterelectrode either downstream (figure 7) or
upstream.

One is generally optimistic that these complex intermediate distri-
butions can be calculated for any geometry for which the limiting cases
of the primary distribution and the 1imiting current distribution can

be obtained separately.‘

Flow-through Porous Electrodes

As examp}eé‘of current resgarch efforts to develop electrochemical
enginee;ing'in terms of theoretical calculations confirmed by’experiments,
we should like to discuss the treatment of simulfaheous reactions in
flow-through porous electrodes and, in a later sectiom, at a rotating-
disk eleétrdde.

Flow—thrdugh ﬁorous electrodes show promise in a number of
applications, such as:

1. Metal ion recovery or removal from aqueous solution. Copper,
mercury, and silver have been removed successfully, and gold should be
no problem. Lead is ﬁore difficult to remove because of its greater
electronegativity.

2. Oxidation éf organic pollutants and cyanide ion.

3. Electro—orgénic synthesis. For example, adiponitrile is
produced by the diméfization of acrylonitrile.

Several flow arrangements for a pair of flow-through porous electrodes
are depicted in figure 8. Configuration a has been used for removal

of copper ions. It could also be used in a flow redox system for energy
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Figure 8. Various configurations of electrode placement
'~ relative to the direction of fluid flow.
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storage. The feed could contain Fe(II) and Ti(IV) . On charging in
configuration a , the Fe(II) would be oxidized fo Fe(III)

in the anode while Ti(IV) would be reduced to Ti(III) in the cathode.
These oxidized and reduced solutions would flow to separate storage

tanks. To recover the energy, the flows would be reversed and configuration
b would apply. It would be interesting to see what faradaic efficiency
could be achieved in practice in a cell without a separator, since the
unreécted Ti(III) and Fe(III) would be lost according to the

reaction -
Ti(III) + Fe(III) - Ti(IV) + Fe(1I) ¢9)

when the streams are allowed to mix after flowing through the porous
electrodes. Configuration ¢ may permit a high flow rate because the
applied potential difference applies along its entire length, undiminished
by the ohmic potential drop in solution which would exist in configurations
a and b . However, the one-dimensional situations are easier'to
analyze.

Porous electrodes do not generally permit the separate treatment
of the limiting cases discussed in the last section. Here we should
expect to require simultaneous treatment of mass-transfer limitations
to the wall from the flowing solution, ohmic potential drop through
the thickness of the electrode, heterogeneous reaction kinetics, and
(in the present analysis) the existence of a side reaction. The
problem of scale up is as critical for porous electrodes as in other
areas of electrochemical engineering. The basic equations for describing

these factors are outlined in the next section.
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For the problems considered here, the main reaction is the
deposition of copper, and the side reaction is the generation of
dissolved hydrogen. We hope to keep the hydrogen in solution so that
the velocity profile will not be disturbed. Figure 9 shows the
reaction distribution through the thickness of the porous electrode.
The conditions chosen are close to the limiting current for the
deposition of cop?er. Consequently, the reaction rate for the primary
reaction decreases in an almost exponential manner with distance,
as the solution is depleted in copper while flowing through the electrode.
The side reaction, generation of hydrogen, responds mainly to the
electric driving force betWéén the solid matrix and the electrolytic
solﬁtion. Its rate is High near the entrance to the porous electrode
and'drops to a nearly constant value near the rear. The reason for
this can be seen in.figure 10, which represents the variation in the
solution-phase potential, @2 for a counterelectrode placed upstream
of the working electrode, as in configuration a of figure 8. The
matrix has é high cqndﬁctiﬁity, and its potential @l is nearly constant.
The solution potential @2_’varieé little near the rear because the
current carried in the solution is small in this;region;

The local current efficiency actually goes ﬁhrough a slight
maximum near x/L = 0;18 in figﬁre‘9.’ The currént efficiency is low
at the entrance becauée the ﬁigh.electricfdriving,forée_leadsAto.a
relatively higﬁ*fate for the‘Side réaCtiﬁﬁ. For’soméwhat larger values
of x , the side reac;ion decreases more rapidlyvthan the primary

reaction, and the local current efficiency rises. However, the primary
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Current distributions for deposition of copper and generation
of dissolved hydrogen withina porous electrode with fluid flow _
from left to right, calculated for v = 0.003328 cm/sec, a = 25 ¢cm ,
£e=0.3, L=6cm, c = 0.0105 mole/%, and VOP = -0.403 V relative
to a calomel reference electrode in the dilute-product stream.
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reaction rate continues to decrease with distance because of the
depletion of copper ions,‘and consequently the local current efficiency
eventually drops to about 23 percent at the rear of the electrode.

One might well ask, "Why not eliminate the last 40 percent of the.
thickness of the electrode?"

Figure 11 shows the concentration of coﬁper ions through the
thickness of the electrode. The high electric driving force at the
entrance results in a very low wall concentration there. As thé
electric driving force decreases with x, the wall concentration rises
toward the bulk value. With the diminishing reaction raté through
the next part of the electrode, the wall concentration is able to
decrease also, despite the smaller electric driving force in this
region. We can also see from this figuré that the bulk concentration
is depleted by an additional factor of 20 in the last 40 percent of
the electrode, despite the lowered current efficiency in this regionm.
This additional metal ion removal can be achieved with relatively
little additionai expense for the added electrode thickness and
virtually no added cost due to added ohmic potential drop.

~ In figure 12 we show a detailed comparison between model calculations
and the experimental results of Bennion and Newman.ll Not only are
the currenf;pétégtial:curVes compared, buﬁ also the effluernt copper
concentrations (in mg/%) are shown beside the experimental and
theoretical data points. The agreement should be regarded as satisfactory.

Incidentally, the calculated results in figures 9 and 11 correspond
to the upper curve in figure 12, that is, at a superficial velocity
of 0.003328 cm/sec, and are at a potential of VOP = -403 mV with a

calculated effluent concentration of 0.28 mg/2.



=21~

oy

O 02 04 06 08 10
| - x/L

XBL 7611-9788

Figure 11. Distribution of'coppérﬁcdﬁCentration in the flowing stream
and along the pore wall, for the conditions of figure 9.
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Current-potential curves for an electrode 10.1 cm in diameter

and 6 cm deep,l packed with porous carbon flakes and chips.

Open symbols are experimental data points; closed symbols are
calculated. Calculated effluent concentrations (in mg/L) are
indicated above the corresponding points in upright type;
experimental values are given in italic type below the corresponding
data points. The flow rate was 8 cm3/min for the circles,

12 cm?/min for the squares, and 16 em3/min for the triangles.
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The principal parameters adjusted to ensure agreement between
the calculated and experimental values in figure 12 are the mass-transfer
coefficient km and the exchange current densities of the principal
and side reactions. The values of km are determined mainly by the
effluent concentrations toward the right on the experiméntal curves,
and the value of the exchange current density for copper deposition
is governed by the curreﬁt values toward the left. The exchange current
density for hydrogen ggneration attempts to fit the rise of the curves
above the apparent limiting current and the observed onset of hydrogen
évolution.

The fitted values of’ km> for the three curves on figure 12 are
displayed by means of oﬁen triangles on figure 13'in the form of a
correlation of the dimensionless Sherwood number ekn;/aDo in its
dependence on the dimensionless Péclet number v/aD0 . At the low
Reynolds numbers v/av used here, the local fluid velocity should
be everywhere proportional to the superficial velocity v , and there
should be no separate dependence on the Schmidt number \)/D0 when
the results are plotted in the manner of figure 13. However, there
will be a dependence on the detailed geomefry of the.porbus electrode,
characterized partially by the void volume fraction or porosity € ,
and, it is felt that there will be also a dependence bn the electrode
thickness as characterized by alL . Figure 13 iévan'example of a
dimensionless empirical correlation, alluded to by Wagner as one of
the useful tools of electrochemical engineering.

The data of Bennion and Newman show a clear proportionality of

km to the 0.5475 power of the velocity. Unfortunately, there is an
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uncertainty in the specifié interfacial area of the electrode used.
The value of a may actually be higher by a factor of 4 to 12 than
the value of 25 cm—l used in the tfeatment of the data,l3

Additional calculations at higher superficial velocities confirm
the observation that the cell cannot be operated in these fanges’
without loss of theblimiting—current plateau and extensive interference
by the side reaction. In harmony with the quantitative design principles,ll
these calculations show that an increase in the superficiél velocity
increases the ohmic potential drop in the solution so that there is
either excessive side reaction at the entrance to the porous electrode
or a failure to maintain the limiting-current condition near the exit.
A decrease in the feed concentration will also increase.the side reaction
relative to the primary reaction and cause the limiting-
current plateau to become less distinct. The ability to calculate
the current distributions beiow the limiting current and in the presence

of a side reaction permits one to determine the economically optimum

operating conditions and even permissible operating conditions when

the side reaction accounts for a substantial fraction of the total
current, and there is a penalty for making the electrode thicker because
the side reaction does not necessarily decrease with increasing distance

through the electrode.

Governing Equations
While we don't go into any detéils of analysis here, it may be
useful to record some of the fundamental equatiéns we use. In this way
one can perceive just what physical phenomena are being described. It
may also be apparent where improvements in the description would be
14,15

fruitful. Equations for porous electrodes are treated elsewhere

with different degrees of detail and generality.
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The laws of transport in dilute electrolytic solutions have been
known for many years. The flux density of a species is due to migration

in an electric field, diffusion in a concentration gradient, and

convection with the fluid velocity:

Ei/e = -ziutiiV®2 - Dchi + ciz/s . (2)

A material balance for a small volume element leads to the differential
conservation law which states that the time rate of change of the
concentration of species i is équal to its net input plus production:

doec,

l___. .
5 - TNy tad;, FR (3)

Here Ri is the rate of production of species i through homogeneous
reactions and ajin' is the rate of production by means of the electrode
reactions occurring throughout the volume of the porous electrode.

To a very good approximation, the solution is electrically

neutral,

L ze, =0, (4)

and the current density in an electrolytic solution is due to the

motion of charged species:

i, =F ) z,N, . (5)
i
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For a porous electrode, we also need to mention that the current in
the matrix phase is governed by Ohm's law:

i, = -ove, . (6)

The differential equations describihg the electrolytic solution

require boundary conditions for the behavior of an electrochemical

system to be predicted. The most complex of these concerns the kinetics

of electrode reactions. Electrode reaction j can be written

symbolically as
) s, M > nje_ . ‘ N

thereby defining its stoichiometry. Then the normal component of the
flux density of a species is related to the normal component of the
current density, that which contributes to the external current to

the electrode, according to Faraday's law:
(8)

In equation 3, which has been averaged over the random geometry of a
porous electrode, the term ajin appears as an apparent production
term in the solution~phase material balance for species 1 , a being
the specific interfaciél area.

The external electrode current is also obtained by summing the

currents due to the individual electrode reactions:
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Vei, = -a Z inj . (9)

The surface overpotential for reaction j can be defined as
the potential of the working electrode relative to a reference electrode
of the same kind located just outside the diffuse double layer. For

a porous electrode, we might express this in the form

nsj = @l - @2 - Ujo s (10)
where
6 RT io %
Uu. =10, -1 - =1 s.. In|[—]. 1D
jo j ref njF ; il Po

The solution potential @2 is to be measured with a reference electrode
of a given kind, and the equilibrium potential Ujo is expressed
relative to the same reference electrode. For a situation where there
are multiple electrode reactions, it would be inconvenient to have a
multitude of solution potentials referred to different reference
electrodes. Furthermore, it is unlikely that any reference electrode
inserted directly into the solution could be equilibrated with respect
to a certain electrode reaction,because of the presence of side
reactions. In equation 10, ohmic potential drop and the diffusion
potential between the wall and the bulk of the fluid in a pore are

effectively ignored.

In this equation, %o should be expressed in moles per liter
of solution.



-29-

One next needs to use a kinetic expression relating the current
density to the surface overpotential and the species concentrations

c. at the wall:
io

i = fj(nsj’cio) R (12)

where charging of the double layer is ignored. (Note that inj’ nsj’

and ¢, 2are all local quantities.) In the work déScribed here,

the Butler-Volmer equation was used:

aa.F aC.F
Ty = Y03 \"RT Ns3) ~ & \- RT Ngy/| (13)

where ioj depends on the species concentrations at the wall.

Within the porous electrode, mass transfer to the wall from the
flowing solution is determined by the velocity profile in the detailed
geometry of the porous structure. In the absence of a complete
treatment of this problem, the fluxes at the surface are related to
the wall concentrations by means of the local mass-transfer coefficient

k

mi

jin = kmi(cio - ci) * : (14)

A single~phase electrolytic solution is governea by similar equations,
which are detailed elsewhere.16 In equations 2 to 5, one can set
€e=1 and a =20, Tﬁe rotating-disk problem is typical of a large
class where a partial separation between the mass-transfer problem and
the potential-distribution problem can be made. Examples of such systems

are shown in figures 1 and 4 to 7.
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In these systems, concentration variations are restricted to
thin layers adjacent to the surfaces of the electrodes, and Laplace's
equation applies in the bulk of the solution outside these diffusion
layers. This means that one can devote separate attention to these
different regions. Since the diffusion layers are thin, the bulk
region essentially fills the region of the electrolytic solution
bounded by the walls of the cell and the electrodes. In this region
the potential is determined so as to satisfy Laplace's equation and
agree with the current density distribution on the boundaries of the
region. In the diffusion layers, the concentrations are determined
so as to satisfy the appropriate form of the transport equations, with
a mass flux density at the wall appropriate to the current density
on the electrodes (see equation 8) and approaching the bulk concentrations
far from the electrode. The current distribution and concentrations
at the electrode surface must adjust themselves so as to agree with
the overpotential variation determined from the calculation of the
potential in the bulk region (see equations 10 to 13).

The governing diffusion-layer equation for the concentration of
a minor species reacting at a disk electrode rotafing in a well-
supported electrolyte can be solved to yield a relationship between

the concentration and the flux density at the surface:

] o (2 1/3<Q>l/2 Cioo = Cio(o)
in i 3Di v L4/3)

(15)

T
__r dcio(x)» dx
T(4/3) dx (r3 _ X3 1/3
o
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where x 1inside the integral denotes radial distance at points less
than r . The simultaneous solution of this equation with inj given
by equation 13, the Butler-Volmer form of the kinetic equation, and
a potential obtained from Laplace's equation yields the desired current

density distribution.

Results for the Rotating-disk Electrode

Figure 14 shows both the reaction distributions and the surface
concentrations for one case of copper deposition at a rotating-disk
electrode. Here the copper reaction is nearly at tﬁe limiting current
(actually at 99.88 peréent of limiting current). Hence, its reaction
distribution is nearly uniform, and the concentration of cupric ions
at the surface is lower by a factor of 166 at the edge than at the
center, where it is already only one percent of the bulk value. The
hydrogen reaction rate varies by a factor of about 164, and the surface
concentration of dissolved hydrogen by a factor of about 65, between
the center and the edge of the disk, where the local reaction rate
amounts to about 54 percent of the copper deposition rate. On the
average over the disk surface, the current efficiency for the copper
deposition is about’§4 percent. At the edge of the disk, the concentration
of dissolved hydrogen exceeds its solubility by a factor of 9. Because
of limited nucleation rates, one might speculéte that we are on the
verge of forming hydrogen bubbles.

The reason for the nonuniform distributions in figure 14 is seen
in the distribution pf the potential in figure 15. The potential in
the solution varies by about 0.26 V from the éenter to the edge because

of the nonuniform accessibility of the disk from an ohmic standpoint.
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Current distributions, normalized with the limiting current
density for copper deposition, and surface concentrations,
normalized with the bulk cupric ion concentration, for
reactions at a 5.74 cm diameter disk electrode rotating
at 236 rad/s in a solution 0.1 M in Cuso, and 1.5 M in
HZSO4 at 25°C. The H2 saturation concentration is

3

estimated to occur at ci/cRoo = 8.31x10 ~. This figure

corresponds to a point at V—@ref = -1.172 V on figure 16.
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Distribution of 50, the potential calculated from the

solution of Laplace's equation and extrapolated to the
disk surface as though the conductivity were uniform and
equal to the bulk value. The curves correspond to the
same total current, that in figure 14, but with different
distributions over the surface. For this total current,
the primary distribution yields a constant value of

@o = -0.64 V. .
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Figure 16 shows curreﬁt—potential curves for a series of rotation
speeds. The absence of a clearly defined limiting-current plateau is
due to the occurrence of the side reaction. At sufficiently large
driving forces, the nonuniform ohmic potential drop in solution can
promote the onset of hydrogen evolution toward the edge of the disk,
and this can occur before the attainment of a limiting-current condition
at the center. Consequently, the plateau of the limiting-current curve
for the deposition of copper is shortened and tilted, a phenomenon which
becomes more pronounced as the rotation speed of the disk is increased.

Actually, one must pick somewhat extreme conditions of solution
conductivity and disk size to illustrate the consequences of the non-
uniform ohmic potential drop. With small disk electrodes and well
supported solutions there is virtually no effect. However, the general
importance of scale up in electrochemical engineering assures us that
there are many practical systems in which the interaction of nonuniform

ohmic potential drop and side reactions cannot be ignored.
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Figure 16. Current-potential curves for copper deposition on a
rotating-disk electrode. The abscissa is the disk
potential minus the potential of a copper reference
electrode placed in the plane of the disk and 6.3 cm
from the axis of rotation.
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Nomenclature
: ' R . -1
a specific interfacial area, cm
a 0.51023, constant for the fluid mechanics of the rotating disk
. . . 3
s concentration of species i, mole/cm
. . . 3
c, concentration of species i at the surface, mole/cm
io
. ‘ . . . 3
oo concentration of species i far from the disk, mole/cm
. .. .. 3
R concentration of principal reactant, cupric ions, mole/cm
, f . 3
Crf feed concentration of principal reactant, mole/cm
Di effective diffusion coefficient of species i, cm2/s
. . .. . . 2
Do diffusion coefficient of principal reactant in a free solution, cm /s
e symbol for the electron
. , . 2
fj current density for reaction j, A/cm
F Faraday's constant, 96,487 C/equiv
h distance between two electrodes in a flow channel, cm
. . 2
i current density, A/cm
11 superficial current density in matrix phase, A/cm
12 superficial current density in solution phase, A/cm
ilLD limiting current density for copper deposition, A/cm
inj normal component at an electrode of the current density for reaction
. . 2
j, A/cem
. . . . . 2
loj exchange current density for reaction j at concentrations Cio? A/cm
. . 2
lavg average current density to an electrode, A/cm
I total current to an electrode, A
jin normal component at an electrode of the flux density of species

i, mole/cmz—s
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km mass—transfer coefficient, cm/s

kmi local mass-transfer coefficient, cm/s

L length or thickness of electrode, cm

Mi symbol for the chemical formula of species i

nj number of electrons transferred in reaction j

N, superficiai flux density of species i, mole/cmz—s

r radial distance on a disk electrode, cm

o radius of disk electrode, cm

R universal gas constant, 8.3143 J/mole-K

Ri production rate ofvgpecies i in homogeneous chemical reactions,
mole/cm3—s

sij stoichiometric coefficient for species i in reaction j

t time, s

T  absolute temperature, K

ug effective mobility of species i, cmz—mole/J—s

Ujo theoretical open—circuit potential for reaction j, V

U? standard electrode potential for reaction j, V

v superficial fluid velocity, cm/s

<v> average velocity in a flow channel, cm/s
VOP  potential of porous electrode matrix relative to a downstream

calomel electrode, V

b4 distance along an electrode from its upstream end, cm
z; valence or charge number of species i
aaj anodic transfer coefficient for reaction j

acj cathodic transfer coefficient for reaction j
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I'(4/3) 0.89298, the gamma function of 4/3

€ porosity or void volume fraction of porous electrode
n overpotential, V
nsj surface overpotential for reaction j, V
0 angular position on rotating sphere
. - -1 -1
K solution conductivity, ohm ~-cm
. . 2
Y kinematic viscosity of solution, cm /s
. 3
° density of pure solvent, g/cm
. : _— . -1 -1
o} effective conductivity of matrix phase, ohm "-cm
@o potential in the solution extrapolated to the disk surface, V
Ql matrix-phase potential, V
@2 solution—-phase potential, V
Y/ rotation speed, radian/s
1
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