19

Table 4.4 Results for ramoval of copoer in a packed hed cell

Dependence of Current Efficiency on Copper Concentration

Flowrate * 1,93 1/min Cell current : 4,0 amps
Specific conductivity : 14,03 mmho/cm H,S0, in catholyte : 1,0 g/1

Copper Concentration (ppm) Current Efficiency

83,0 0,842
51,1 0,698
25,3 0,467
11,5 0,231
6,5 0,125

Dependence of Current Efficiency on Catholyte flowrate

Average copper concentration : ~24ppm Cell current : 4,0 amps
Specific conductivity : 14,03mmho/em  H,S0, in catholyte : 1,0 g/1
Flowrate (1/min) Copper Concentration(ppm) | Current Efficiency

2,28 26,5 0,495

1,92 25,7 0,456

1,67 24,7 0,432

1,21 23,4 0,355

0,76 22 ,6 0,234

0,36 19,9 0,137
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DISCUSSION

‘This, along with standard deviations of 10 or 20
percent in the exchange-current-density valucs,
indicates the electrode kinetics are, in general,
neither predictable nor reproducible on solid
electrodes’.

This quotation (63), from the work of one of the leading

authorities on modern electrochemistry, aptly underlines the principal

difficulty encountered in electrochemical research and design. The
problem hinges on the fact that electrochemical kinetics describe
surface phenomena and, while the basic theoretical results are

well established, the precise value of the electrochemical kinetic
parameters, and in particular the exchange current density, are
critically dependent on the exact nature of the electrode surface.
Surfaces can, and do, change even in the course of a single
experiment or series of experiments and this fact should be borne
in mind whenever the results of electrochemical kinetic investiga-
tions are discussed.

5.1 Determination of Electrochemical Kinetic Parameters using the
Analytical Solution of the Porous Electrode Equation

The analytical solution to the porous electrode equation is
given in Section 2.3. By means of simultaneous solution of
this equation for a number of experimental conditions it is
theoretically possible to calculate the values of the model
parameters and to convert these into values of the electro-
chemical kinetic parameters.

This method proved to be unsuitable for application to the
results of the experimental investigation of nickel removal
from dilute solution, even though the required potential
measurements were available, The extremely low conductivity
of the solution phase produ-es a very large potential gradient
at the free surface of the electrode, which means that any
potential measurements at that interface are critically
sensitive to the positioning of the measuring probe and are
extremely sensitive to ohmic potential drop. 1In a rery few
cases there was also some evidence of the evolution of bubbles
of hydrogen gas within the electrode. In that case the formation

e
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5.2.2 Fit of the Model to the Experimental Results

As it was anticipated that the electrochemical kinetic
parameters might be influenced by the catholyte pH, separate
sets of data at pH4, pH5, pH6, pH7 and pH8 were extracted
from the results given in Appendix A. Each set of data was
then the subject of an independent fit.

5.2.2.1. Fits with Conventional Hydrogen Evolution
Reaction Electrochemical Kinetic Parameters

An initial assumption was made that the side reaction consisted

only of the process of hydrogen evolution and could be
described by Tafel kinetics based on literature values of
the electrochemical kinetic parameters for the hydrogen
evolution reaction on nickel. It was also assumed that the
particular form of the porous electrode equation given in
equation [2.34], which assumes negligible mass transfer
lTimitation on the side reaction, is applicable.

Some early workers have reported apparent limiting current
censities for hydrogen evolution on nickel at cathodic current
densities greater than 10-2A/cm? (138-140), but these effects
have subsequently been explained as resulting from incorrectly
compensated ohmic potential drops and impurities in solution
(66, 141, 142). Straight line Tafel slopes for hydrogen
evolution on nickel have been measured by many workers at
current densities of up to 1,0 A/cm® in acid and alkaline
solutions (143-146), although at current densities greater
than 1,0 A/cm?® the experimental current densiiy begins to
deviate from the Tafel form and eventually appears to reach a
saturation value of around 10® A/cm? at very negative over-
potentials (147). 1In the latter case the authors conclude
that the limitation does not arice as the result of mass
transfer limitations on the rate of transport of reactive
species to the electrode, but rather as the result of complete
coverage of the electrode surface by adsorbed hydrogen atoms,
with the rate of recombination of adsorbed hydrogen atoms

into H, wolecules constituting the rate determining step of
the hydrogen evolution reaction.
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The 8, value corresponds to a transfer coefficient for the
side reaction of approximately a. g= 0,1

and a cathodic Tafel slope of 575 millivolts per decade.
This Tafel slope is far removed from the value of 120
millivolts normally obtained for hy.ogen evolution on
nickel, but is in good general agreement with the later
results obtained in independent experiments at the
rotating disc electrode.

Other features of the contour plot are the high values
obtained for the objective function under conditions of
small g8, values combined with small k, values, and under
conditions of relatively large 8, values combined with
large k, values.

The first situation corresponds to very high values of the
calculated current -efficiency ( Ny = 1,0) and the second to

very low values ( g <0 ). There is also a broad region

between the two extremes where poor to mediocre fits are
obtain%d. This region includes the g, values of -19,5
volts™ for which the poor fits discussed earlier were obtained.

At absolute values of k, much greater than 10 the model

begins attempting to predict anodic potentials in parts of the
electrode close to the current feeder. This is contrary to
both the experimental observations and the assumptions ussd in2
deriving the model equations. A value of |ky| =1 x 10° A/em
may therefore be taken as representing the upper bound for this
parameter and this is indicated by a broken line in Figure 65.1.

The value of 8; may be expected to be fairly insensitive to
changes in pH. On the other hand, no explicit concentration
dependence for the exchange current density is incorporated
in the mathematical medel and k, might therefore display
some pH dependence. This possibility was explored in a new
fit of the experimentai data which is based on the relation-
ships between the kinetic parameters depicted in Figure 5.1.

Once again k, and g2, were kept constant and the value of
) -1
8, was now also fixed at the value of 8, =-4,0 volts

which is indicated in Figure 5.1 as being a suitable choice
for producing a reasonable fit of the experimental results.
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As most of the electrochemical reaction tends to take place
in the region of the free solution interface the current
efficiency caiculated in this region has a major influence on
the overall current efficiency of the electrode. Therefore,
when the model predicts a high current efficiency at the fres
solution interface toc much emphasis is placed on this fact
and an overall current efficiency which is tco high results.
On the other hand, too great a significance is also attached
to very low current 27ficiencies calculated at the interface
and these result in calculated overall values which are lower
than they sloulc be.

Values of the ralculated electrude currents are compared with
the actual experimental values in Appendix H. In all cases the
calculated value is slightly too high as a consequence of the
approximate method of numerical integration used in obtaining
the values. The difference between calculated and experimental
current values is, however, hardly significant, since the
difference is less than one per cent in all cases.

Certain higher order terms of the Taylor series expansion of
the partial current density function are discarded in the
course of the mathematical derivation of the equatiuns for the
nunierical solution to the packed bed electrode equation
(Appendix B). The validity of this assumption was confirmed
for all the experimental data points used in fitting the
mathematical model : in all cases the last term retained in
the solution was found to be at least 400 times as large as
the first discarded term (for ¢, = 0,05).

5.2.3.2 Val f the Kinetic Parameters

In the fitti. of the experimental results for nickel removal
the electrochemical kinetic parameters for the nickel deposition
reaction are fixed at the best values obtained from a search of
the available literature. The current efficiency results are
then fitted by choosing appropriate values for the exchange
current density and Tafel slope for the side

reaction. A Tafel slope of 575 millivolts proved suitable

at all pH values in the range pH 4 - 8, w?ereas ko is a
function of pH and varied from -2,25 x 10° amperes per
square centimetre at pH4 to -3,55 x 10'5 amperes per square
centimetre at pH8. _
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On the pasis of the rotating disc electrode results it may
therefore be concluded that the process of oxygen reduction is
involved in the nett side reaction, which cannot simply be
considered to be the hydroaen evolution reaction.

In the main experimental program *he presence of oxygen in
solution resulted from a contribution by the commercial nitrogen
gas bubbled through tne catholyte and used to blanket the top

of the cell, together with contributions from diffusion through
openings in the apparatus and through the plastic tubing of the

electrolyte recirculation system. Similar effects have been
observed by other authors (141), who conclude that, even with the

most careful techniques of purification, the concentration of
oxygen in systems without water sealed joints and taps can be
reduced only to around 10™"moles per litre. This represents a
concentration of a similar order to the concentration of the
principal reactant and a wumber of orders of magnitude greater
than the hydrogen ion concentration prevailing during many of the
experimental runs,

The overall nett side reaction is therefore extremely complex,
comprising as it does contributions from each of the following
reactions in acid and neutral solution.

2HY + 2e = H, (5.3]
0, + 20" + 2e =—= K0, [2.33a)
H,0, + 2H" + 2e == 24,0 (2.33b]

The observed elect~ochemical kinetics of the reactions (2.33]
contain both charge-transfer and diffusion components (66), and
hence a compliete description of the nett side reaction would
require the replacement of a single term involving two electro-
chemical kinetic parameters (k, and 3,) in the simplified porous
electrode equation [2.34 ] by at least three terms containing a
total of six kinetic parameters plus assorted concentration
dependencies.,

In view of the many uncertainties still prevailing as regards
the mechanism and kinetics of the oxygen reduction reaction, the
incorporation of a large number of additicnal variables into an
engineering model would undoubtably lead to results of rather
dubious validity, although the fit of a model w'th four extra
parameters would naturally appear to be rather better than the
fit of a more simple model.
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The results reported in Appendix D and in the literature by
other workers (141, 158) indicate that under certain
circumstances the combined processes of hydrogen ion and oxygen
reduction may be Tumped together in a single effective reaction
which may be adequately described over a wide potential range
by Psuedo-Tafel kinetics, based on a flatter apparent Tafel slope

than is generally observecd for simple electrode processes. Such
an approach, when applied to the experimental results for

nickel removal, leads to an average absolut: error of 5,27 in
the calculatad percentage current efficiency for nickel removal,
a quite acceptable accuracy for engineering calculations.

As mass-transfer and concentration effects are now also lumped
into the effective kinetic expression for the overall side
reaction the values of the apparent Tafel siopes are only
directly comparible for different systems under similar
hydrodynamic conditions. This conditinn is satisfied for
comparison of the rotating disc electrode result: with those of
the packed bed electrode, as may be seen in Table 5.2 which
summarises the results of the calculations detailed in Appendix
J.

Table 5.2 Hydrodynamic similarity between rotating
disc electrode and packed bed electrode

Values of D'/, for the experimental

)
concditions of Appendix A & Appendix D

Minimum Maximum
Packed bed electrode 9,0 271
Rotating disc electrode 9,4 26,6

The rotating disc electrode experiments did not demonstrate any
clear dependcnce of the electrochemical kinetic parameters for
the overall side reaction on the speed of rotation. However, as
two of the processes lumped into the overall reaction are subject
to mass transfer influences some variations must be expected to
occur, particularly in the value of the apparent exchange current
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