
Table 4.4 Results for removal o f copper in a packed bed cs ll

Dependence o f Current E ff ic ie n cy  on Copper Concentration

FI owrate : 1,93 1/inin Cell current : 4,0 amps
Specific  conductiv ity : 14,03 mtnho/cm h^SO,, in catholyte : 1,0 g/1

Copper Concentration (ppm) Current E f f ic ien cy

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

Dependence o f Current E ff ic ie n cy  on Catholyte flowrate

Average copper concentration : >24ppm Cell current : 4,0 amps

Specific  conductiv ity : 14,03mmho/cm H2SO4 in catholyte : 1,0 g/1

Flowrate (1/min) Copper Concentration(ppm) Current E f f ic ien cy

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



DISCUSSION

‘This, along with standard deviations o f 10 or 20 
percent in the exchange-current-density values, 
indicates the electrode kinetics are, in general, 
neither predictable nor reproducible on so lid  
e lectrodes ' .

This quotation (63), from the work of one o f the leading 
authorities on modern electrochemistry, ap t ly  underlines the principal 
d i f f ic u l t y  encountered in electrochemical research and design. The 
problem hinges on the fact that electrochemical k inetics describe 
surface phenomena and, while the basic theoretical results are 
well established, the precise value of the electrochemical k in e t ic  
parameters, and in p a rt icu la r  the exchange current density, are 
c r i t i c a l l y  dependent on the exact nature o f the electrode surface. 
Surfaces can, and do, change even in the course o f a single 
experiment or series o f  experiments and th is  fact should be borne 
in mind wherever the results o f  electrochemical k ine tic  investiga ­
tions are discussed.

5.1 Determination o f Electrochemical K inetic Parameters using the 
Analytica l Solution o f  the Porous Electrode Equation

The analytica l solution to the porous electrode equation is 
given in Section 2.3. By means of simultaneous solution of 
th is equation for a number of experimental conditions i t  is 
th e o re t ica l ly  possible to calculate the values of the model 
parameters and to convert these into values of the e lec tro ­
chemical k inetic  parameters.

This method proved to be unsuitable fo r  application to the 
results of the experimental investigation of nickel removal 
from d ilu te  solution, even though the required potential 
measurements were ava ilab le . The extremely low conductiv ity 
of the solution phase produces a very large potential gradient 
at the free surface of the electrode, which means that any 
potential measurements at that interface are c r i t i c a l l y  
sensitive to the positioning of the measuring probe and are 
extremely sensitive to ohmic potential drop. In a ery few 
cases there was also some evidence of the evolution of bubbles 
of hydrogen gas within the electrode. In that case the formation



of these bubbles leads to fluctuations in the local sp ec if ic  
in te r fa c ia l  areas and hence in the local potentia ls and current 
densities.

As the potential terms appear as exponents in the analytica l 
solution (equation [2.49]) such re la t iv e ly  small uncertain­
t ies  in the potential measurements achieve quite considerable 
s ign ificance ar.d serve to preclude any meaningful values o f  
the k in e t ic  parameters being obtained from the experimental 
resu lts . The analytica l approach was therefore abandoned and 
the experimental results are analysed using the numerical 
technique outlined e a r l ie r .  This method s t i l l  o ffe rs  promise, 
however, in obtaining k in e t ic  data for porous electrode 
systems having good solution conductiv ity and in which 
disturbancas due to gas evolution are e ither absent or 
n e g lig ib le .

Application of the Numerical Solution of the Porous Electrode 
Equation to the Results fo r  Nickel Reduction

5.2.1 Introduction

The experiments on nickel reduction were characterised by the 
very low conductiv ity o f the catholyte so lu tion , p a r t ic u la r ly  
towards the end o f each experimental run, and by large 
variations in the catholyte pH during the course of a run.
The e ffect of migration, as outlined in section 2.1.5, has 
therefore oeen taken into account in f i t t in g  the mathematical 
model to the e<perimental results (see Appendix C).
Consideration has also been given to the e ffects  o f  pH on 
the electrochemical k in e t ic  parameters.

For the purposes o f  f i t t i n g  the model the shor'; induction 
period which was observed at the s ta r t  of each experimental 
run, during wUch current e ff ic ie n c ies  and electrode potentials 
rose rap id ly  to normal operating values, was ignored. Such 
induction periods have been observed in other work on packed 
bed electrodes (21,28) and have been ascribed to the 
reduction o f  oxide layers which may have b u i l t  up on the bed 

surface during o f f l in e  periods.



I t  should therefore be possible to establish the v a l id i t y  of 
the assumption of neg lig ib le  l im ita t ion  on the side reaction 
rate by ca lculating the local current density p ro f iles  
through the packed bed electrode and confirming whether or 
not the local current density has reached levels where side 
reaction l im ita t ion s  may be s ig n if ic a n t .

Available k inetic  data (Appendix G) indicate that the cathodic 
transfer coe ff ic ien ts  fo r  both nickel reduction and hydrogen 
evolution are approximately 0,5. The in i t ia l  attempts at 
f i t t in g  the experimental results therefore concentrated on 
finding best values fo r the k inetic  parameters ki and k.,, 
with the beta values of both main and side reactions set 
equal to one another at

• i ■ 62 * -  T ? r  '  -  19-5volts [5.1]

This search fo r the best values o f the two parameters was 
performed using a programmed version o f Powells method (79) 
to minimise an objective function which was taken to be the sum 
of squared errors between experimentally measured current 
e f f ic ie n c ies  and values of the current e ff ic ie n c ie s  calculated 
by the mathematical model. Poor f i t s  were obtained. The 
minimum value o f the objective function in th is  case was 
found to l ie  on a l ine  with an equation

log k2 = log k j + const [5.2]

which echoes the re lationship between the parameters implied 
in equations [2.36] and [2.37]„ As i t  soon became obvious 
that a reasonable f i t  to the experimental results could not 
be obtained by simply finding suitable values o f  ki and k2 
at these beta values th is  approach was abandoned in favour of 
an a lte rnative  l in e  of attack which yielded fa r better resu lts .



5.2.2 F i t  of the Model to the Experimental Results

As i t  was anticipated that the electrochemical k inetic  
parameters might be influenced by the catholyte pH, separate 
sets of data at pH4, pH5, pH6 , pH7 and pH8 wrre extracted 
from the results given in Appendix A. Each set of data was 
then the subject of an independent f i t .

5 .2 .2.1. F its  with Conventional Hydrogen Evolution 
Reaction Electrochemical Kinetic Parameters

An in i t ia l  assumption was made that the side reaction consisted 
only of the process of hydrogen evolution and could be 
described by Tafel k inetics based on l i te ra tu re  values of 
the electrochemical k inetic parameters fo r the hydrogen 
evolution reaction on n icke l. I t  was also assumed that the 
pa rt icu la r  form of the porous electrode equation given in 
equation [2.34], which assumes n eg lig ib le  mass transfer 
l im ita t io n  on the side reaction, is  applicable.

Some early  workers have reported apparent l im it in g  curr°nt 
ten s it ie s  fo r  hydrogen evolution on nickel at cathodic current 
densities greater than 10~2A/c;n2 (138-140), but these effects 
have subsequently been explained as resulting from incorrec tly  
compensated ohmic potential drops and impurities in solution 
( 6 6 , 141, 142). Straight l in e  Tafel slopes fo r  hydrogen 
evolution on nickel have been measured by many workers at 
current densities of up to 1,0 A/cm* in acid and a lkaline 
solutions (143-146), although at current densities greater 
than 1,0 A/cm* the experimental current density begins to 
deviate from the Tafel form and eventually appears to reach a 
saturation value of around 102 A/cm2 at very negative over­
potentials (147). In the la t te r  case the authors conclude 
that the l im ita t io n  does not a r ire  as the resu lt of mass 
transfer l im ita t ion s  on the rate of transport of reactive 
species to the electrode, but rather as the resu lt  of complete 
coverage of the electrode surface by adsorbed hydrogen atoms, 
with the rate of recombination of adsorbed hydrogen atoms 
into H2 molecules constitu ting the rate determining step of 
the hydrogen evolution reaction.
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5.2.2.2 F its  with a General Side Reaction

When i t  became apparent that application of l i te ra tu re  values 
of the k inetic  parameters of the hydrogen evolution reaction 
to the side reaction incorporated in the mathematical model 
equations resultod in a very poor f i t  of the experimental 
re su lts ,  i t  was decided instead to f i x  both parameters 
kx and Si fo r the main reaction and to obtain experimentally 
f i t te d  values of k2 and 6Z for a general side reaction.

The electrochemical k in e tic  data fo r  the nickel reduction 
reaction plotted in Figure G.l are so widely scattered as to 

e f fe c t iv e ly  mask the possible systematic variation in the 
values o f  the parameters over the pH range of s ign ificance 
to the present investigation . Values of

5 2
I q N. (1 ,0M, 25°C) = 1 x 10' A/cm

and a ... = 0,59 c.Ni

were therefore chosen by inspection o f the plotted data and 
taken to apply over the entire  pH range covered in this 
investigation.

With the k in e t ic  parameters for the main reaction now defined 
i t  should be possible to f i t  the experimental data by a 
suitable choice o f  the values of the parameters for the side 

reaction .

Figure 5.1 shows a contour p lot o f the variation with k2 
and 82 °f the objective function for the f i t t in g  o f  a 
representitive  sample o f the experimental data at pH6 . 
S im ilar plots are obtained for dcNi at the other pH values. 
The figure shows a defin ite  minimum in the value o f  the sum 
of squared errors o b jec t i.a  functions in the area around

k2 = -  1 x 10 A/cm

.1

e>2 -  - 4 , 0  volts

2
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FIG UR E 5.1 . D EP EN D AN CE OF FIT OF Ni RESUITS O N  THE K IN ET IC  PARAM ETERS OF THE 

Si OE R E A C T IO N .



The 62 value corresponds to a transfer coeff ic ien t fo r  the
side reaction of approximately a <- = 0,1

and a cathodic Tafel slope o f  575 m i l l i v o l t s  per decade.
This Tafel slope is fa r removed from the value of 120 
m i l l i v o l t s  normally obtained fo r  h>-.,ogen evolution on 
n icke l,  but is in good general agreement with tne la ter 
resu lts  obtained in independent experiments at the 
rotating disc electrode.

Other features of the contour p lot are the high values 
obtained fo r  the objective function under conditions of 
small B2 values combined with small kz values, and under 
conditions of re la t iv e ly  large 82 val'jes combined with 

large k2 values.

The f i r s t  s ituation  corresponds to very high values of the 
calculated current e ff ic ie n cy  ( = 1 ,0 ) and the second to

very low values ( ^  *0 ) .  There is also a broad region

between the two extremes where poor to mediocre f i t s  are 

obtained. This region includes the 82 values o f -19,5 
v o lts "  for which the poor f i t s  discussed e a r l ie r  were obtained.

At absolute values of kt, much greater than 1 O'4* the model

begins attempting to predict anodic potentials in parts o f the
electrode close to the current feeder. This is  contrary to
both the experimental observations and the assumptions used in

J» 2

deriv ing the model equations. A value o f  j k2| = 1 x 10 A/cm 
may therefore be taken as representing the upper bound fo r  th is  
parameter and this is indicated by a broken l ine  in Figure 5.1.

The value o f  &z may be expected to be f a i r l y  insensitive  to 
changes in pH. On the other hand, no e x p l ic i t  concentration 
dependence fo r  the exchange current density is  incorporated 
in the mathematical model and k2 might therefore display 
some pH dependence. This p o s s ib i l i t y  was explored in a new 
f i t  o f the experimental data whi<.h is based on the re la t io n ­
ships between the k in e t ic  parameters depicted in Figure 5.1.

Once again k, and Bj were kept constant and the value of 

82 was now also fixed at the value of 82 = -4 ,0 volts * 

which is indicated in Figure 5.1 as being a suitable choice 
fo r  producing a reasonable f i t  of the experimental resu lts .



The best f i t s  of the experimental data at the various pH 
values may then be determined by a correct choice o f k2 , 
the last remaining k in e tic  parameter. The results of th is  f i t  
are shown in Figures 5.2 to 5.6 which give a comparison of 
the experimentally measured current e ff ic ie n cy  values with 
the theoretical predictions o f the mathematical model.
Further details  of the actual numerical values are given in 
Tables HI to H5 of Appendix H. The variation o f  the 
f i t te d  value o f k2 with pH is  shown in Figure 5.7.

5.2.3 Discussion

5 .2 .3 J  General Observations

The entire  range o f experimental conditions detailed in 
Table 4 J  is represented in the data points o f  Figures
5.2 5.6. A good f i t  was obtained, p a r t ic u la r ly  in the l ig h t  
of Newman's remarks quoted at the s ta rt  of th is  chapter.

A s tr ik in g  feature of a ll the plots is that f c r  large values 
of the experimental current e f f ic ie n c y  the data points tend

to l i e  on the high side of the Measured = ^calculated l in e - 
As the e ff ic ie n c ie s  decrease the calculated values tend f i r s t  
to coincide with the experimental results and u lt im a te ly ,  at 
very low current e f f  . ie n c ies , become smaller than the 
experimental values. This behaviour is probably the resu lt 
o f anisotropy in the re la t iv e ly  thin packed bed electrodes 
used in the study.

The mathematical model assumes that the surface area per unit 
volume is uniform across the entire  thickness o f the electrode 

and any wall e f fe c t  is thus neglected. With a bed thickness/ 
p a rt ic le  diameter ra t io  o f 1,72 however, wall e f fects are 
far fran neg lig ib le  ard an uneven spec if ic  surface area 
d is tr ibu tion  w i l l  resu lt .  The actual specif ic  surface area 
w i l l  be greatest in the centre o f the electrode and w i l l  have 
a smaller value at the edges. The e ffect of bed anisotropy 
is therefore to give an unfa ir  weighting to the calculated 
values o f  the part ia l currents close to the free solution 
in terface , as the current densities in that region should, 
s t r i c t l y  speaking, be m ultip lied  by a lower spec if ic  surface 
area factor than applies towards the centre o f the bed.
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As most o f the electrochemical reaction tends to take place 
in the region of the free solution interface the current 
e f f ic ie n c y  ca.culated in th is  region has a major influence on 
the overall current e ff ic ie n cy  o f  the electrode. Therefore, 
when the model predicts a high current e f f ic ie n cy  at the free 
solution interface too much emphasis is  placed on th is  fact 
and an overall current e f f ic ie n c y  which is too high resu lts .
On the other hand, too great a s ign ificance is also attached 
to \ery low current e ff ic ie n c ies  calculated at the interface 
and these resu lt in calculated overall values which are lower 
than they should be.

yalues of the calculated electrode currents are compared with 
the actual experimental values in Appendix H. In a l l  cases the 
calculated v?.lue is s l ig h t l y  too high as a consequence of the 
approximate method o f numerical integration used in obtaining 
the values. The difference between calculated and experimental 
current values i s ,  however, hardly s ig n if ic a n t ,  since the 
difference is less than one per cent in a l l  cases.

Certain higher order terms of the Tay lor series expansion o f 

the partia l current density function are discarded in the 
course of the mathematical derivation o f  the equations fo r  the 
numerical solution to the packed bed electrode equation 
(Appendix B). The v a l id i t y  o f th is assumption was confirmed 
fo r  a l l  the experimental data points used in f i t t i n g  the 
mathematical model : in a ll  cases the la s t  term retained in 
the solution was found to be at least 400 times as large as 
the f i r s t  discarded term ( fo r  ej = 0,05).

5 .2 .3 .2 Vaj_ f the Kinetic Parameters

In the f i t t i  of the experimental results for nickel removal
the electrochemical k in e tic  parameters fo r  the nickel deposition
reaction are f ixed  at the best values obtained from a search of
the available l i te ra tu re .  The current e f f ic ie n cy  results are
then f i t te d  by choosing appropriate values for the exchange
current density and Tafel slope for the side
reaction. A Tafel slope o f  575 m i l l i v o l t s  proved suitable
at a ll  pH values in the range pH 4 - 8 ,  whereas k2 is  a

. -5function of pH and varied from -2,25 x 10 amperes per
square centimetre at pH4 to -3,55 x 10 amperes per square
centimetre at pH8 .



The value o f  the parameter k2 has been defined by the 
equation

k* H s , r e f . !  ' 8 jiU  � - W

where AU = Us -  UR [B. 19]

Un^er the reference conditions ci'osen fo r  the principal and
2 -f 4.

secondary reactions ( [Ni ] = [H ] = 1 mole/1, p(H2)= 1 atm, 

25°C) the value of a U is

AU = 0,000 -  (-0,23) = 0,23 volts

and hence
-S2̂ U _1

e = exp ( 4,00 volts x 0,23 vo lts ) =2.51

Values of the f i t te d  exchange current densities fo r  the
side reaction calculated from equation 2.37 , given

in Table 5.1, exh ib it  a very weak dependence on the 
hydrogen ion concentration.

Table 5.1 F itted values o f the exchange current density 

fo r  the side reaction during nickel deposition

PH k2

(A/cm )

"^oS, re f. 

(A/cm )

4 -  22,4 x 10"^ -8,93 x 10‘ "

5 -  8,91 x TO"' -3,44 x 10'b

5 -  5,13 x 10"° -2,04 x 10'6

7 -  3,98 x 10"tJ -1,59 x 10~6

8 -  3,55 x 10~6 -1,41 x 10~f’



In considering the f i t te d  experimental values of the e lec tro ­
chemical k inetic  parameters fo r  the side reaction i t  is 
therefore necessary to account for:

(a) A value fo r  the Tafel slope considerably d iffe re nt 
to the l i te ra tu re  value for hydrogen evolution
on n ic k e l , and

(b) The experimental pH dependence of the exchange 
current density fo r  the side reaction.

In considering the f i r s t  aspect i t  is well known that large 
numerical values of Tafel slope have been reported fo r 
hydrogen evolution on non-metals ( 12) and at m eta ll ic  oxides 
and semiconductors (6 6 , 77, 87, 88 , 149-151). I t  is  known 
that che kinetics  of electrochemical reactions at semi­
conducting electrodes d i f f e r  considerably from those at 
metal electrodes, c h ie f ly  as a resu lt  of l im ita t ions  on the 
movement of electrons or holes w ith in  the semi-conducting 
material i t s e l f .  Despite these differences the e lec tro ­
chemical k inetics  of semi-conductor materials are however, 
s t i l l  governed by Ta fe l-type equations and these equations 
do allow fo r  very much la rger numerical values of the Tafel 
slope than does the conventional equation fo r  metal 
electrodes (87).

Since both NiO (152-154) and Ni(0H)2 (86 ) have semiconducting 
properties there exists  the p o s s ib i l i t y  of hydrogen evolution 
at such a non-metallic surface with a large numerical value 
of the cathodic Tafel slope.

A NiO surface oxide e x is ts  on a l l  nickel surfaces which have 
been handled in a i r ,  no matter what surface preparation stages 
have previously taken place (154). This oxide is read ily  
reduced by steady state cathodic polarisation in acid and 
a lkaline solution (145, 152, 153, 155). The surface oxide 
formed by anodic oxidation of nickel is ,  however, removed fa r 
less read ily  in acid solution of pH $ 2,8 and is not e n t ire ly  
reduced in less acidic solutions (152,153,155), even a fter 
extensive c - . p o l a r i s a t i o n  which is accompanied by an 
increase of up to 250 in the rate of hydrogen evolution (152).



Precip ita tion  of nickel hydroxide from the bulk of tne 
flowing catholyte is u n lik e ly .  The equilibrium curve (81-83) 
fo r  the Ni2+/Ni(0H)2 sys tr1; in Figure 5.8 indicates that no 
s ig n if ic a n t  p/ecipitation ot nickel hydroxide from the 
solutions used in th is investigation is  possible below pH7,4. 
Since pH values greater than 7,5 were generally only reached 
towards the end of the experimental runs, when the nickel 
concentrations had already reached quite small values, 
p rec ip itation  is not very l i k e ly  even under more a lk a l ira  
conditions. Precip ita tion  of nickel hydroxide at the surface 
or within the d iffus ion  layer is nevertheless a d is t in c t  
p o s s ib i l i t y .

The overall hydrogen evolution reactions in acid ic  or neutral 
solution

2H+ + 2e H2 (acid solution) [5.3]
or H20 + 2e ^=^H2 + (OH)’ (neutral solution) [5.4]

either consume hydrogen ions or generate hydroxyl ions. As 
there exists  a f in i t e  rate of d iffus ion  of hydrogen ions into 
the toundary layer and a f in i t e  rate of d iffus ion of excess 
hydroxyl ions out of th is la ye r,  a certa in  degree of 
a lka lisa t ion  of the boundary layer M u s t  take place. The 
actual extent of the a lka lisa t ion  depends or, a number of 
factors which include the current density, boundary layer 
thickness and the magnitudes of the d iffus ion  c o e ff ic ie n ts .

Under certain conditions the pH w ith in  the boundary layer 
can r ise  to quite high values. Typical surface pH measure­
ments of 7,5-8(84) and up to 9,5 (83) have been reported 
for solutions having a bulk pH of 5 or less. At such 
a lkaline pH values the equilibrium  for the reaction

Ni 2+ + 20H~ ; = ±  N i(0H)2 [ 5 . 5 ]

is driven well over to the r igh t  hand side a r i  s ig n if ica n t  
quantities of nickel hydroxide can form on tne electrode 
s jrface (81, 85). The rate of formation of such layers has 
b;en investigated and has been found to depend on a c r i t i c a l  
current density (81), below which no hydroxide precip itation  

can take place.
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During hydrogen evolution at an h^Jroxide surface the hydroxide 
i t s e l f  could be reduced according to the reaction

Ni(0H)2 + 2e ; = i  Ni + 20H' [5.6]

the existence o f  which has been experimentally confirmed 
(89). Other experimental results (83, 81) indicate however 
that once the hydroxide is formed a l l  fu rther reduction of 
nickel ceases and the hydrogen evolution reaction, accompanied 
by further deposition o f nickel hydrox.de, takes over 
completely, with the net electrochemical reaction being given 
by

Ni2+ + 2H20 + 2e ; = £  H2 + Ni(OH)2 [5.7]

I t  should also be noted that high numerical values of the Tafel 
slope for hydrogen evolution on nickel have been ascribed to 
poisons (140, 156) and to other impurities in solution (141). 
Concentrations of as l i t t l e  as 10-10 moles per l i t r e  of various 
impurities had a s ig n if ica n t  effect on the rate of hydrogen 
evolution and up to f iv e - fo ld  changes in Tafel slope were 
observed at very low concentrations of impurities.

In the foregoing discussion a number of processes have been mentioned 
which resu lt in la rger than normal values of the cathodic Tafel 
slope at nickel electrodes. The results of the main experimental 
investigation of nickel removal do not themselves provide any specific  
indication as to which, i f  any, of these processes might be 
responsible for the high numerical value of the f i t te d  k inetic  
parameter fo r  the side reaction, or whether the f i t te d  value 
results  from a deficiency in t'ie mathematical model. In 
p a rt icu la r ,  since the results of the investigation are intended 
to be applicable to industria l s itu a tion s , no part icu la r  e f fo r t  
was made to obtain ultrapure solutions. Although a reasonable 
degree of solution p u r ity  was established, there is nevertheless 
a d is t in c t  p o s s ib i l i t y  that impurities could have been present 
in solution at concentrations considerably greater than the 
10"10 moles per l i t r e  mentioned earl ie r ,  and that such impurities 
miaht s ig n if ic a n t ly  influence the electrochemical k inetics  of 
the system.



The weight of evidence does, however, point more to an impurity 
e ffect than to surface oxide or hydroxide e ffec ts .  As has 
already been mentioned the oxide produced in a i r  is read ily  
reducible at low cathodic overpotentials and the existence of 
a permanent surface layer of th is  oxide under the potential 
conditions encountered in th is  investigation  is thus h igh ly 
u n lik e ly .  Although the anodically produced oxide is fa r more 
resistant to cathodic reduction, the experimentally determined 
slope for the hydrogen evolution reaction at th is  oxide is 
even steeper than fo r  the reaction at bare nickel (80mV versus 
120-130mV)(153, 157). I t  is also u n lik e ly  that the k inetics  of 
reactions r 5.51 to [5.7] would be adequately described by the 
type of equation used successfully in the mathematical model 
and s ig n if ica n t  quantities of nickel hydroxide were, in any 
event, neither detected in the flowing e le c tro ly te  nor observed 
at the electrode surface during the course of the experimental 

runs.

The secondary investigation at a nickel rotating disc electrode 
described in Appendix D serves to c la r i f y  th is  point. S im ilar 
methods of solution preparation and de-aeration were used in 
order to make the rotating disc k in e tic  determinations 
comparahle with the results of the main experimental program.
The following conclusions may be drawn from the experimental 
resu lts :

(a) Ta fe l-type  k inetics  are observed for the cathodic 
reaction at the nickel electrode in acidic and neutral 
solutions over a wide range of cathodic electrode 
potentia ls , pH, electrode speed and potentiodynamic 
sweep rate.

(b) The experimentally determined value of the apparent 
Tafel slope varies from 320-700mV and therefore 
brackets the value of 575mV f i t te d  to the packed bed 
experimental resu lts .

(c) Negative deviations from s tra igh t  l ine  kinetics
at high current densiMes are predominantly due to 
uncompensated ohmic potential drop in the e le c tro ly te .

(d) The value of the apparent Tafel slope is strongly 
dependent on the degree of aeration of the solution.
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On the basis of the rota ting  disc electrode resu lts i t  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 hydrooen 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 c e l l ,  together with contributions from d iffus ion  through
openings in the apparatus and through the p las t ic  tubing of the
e lec tro ly te  rec ircu la t ion  system. S im ilar effects have been 
observed by other ajthors (141), who conclude that, even with the
most careful techniques of p u r i f ic a t io n ,  the concentration of
oxygen in systems without water sealed jo in ts  and taps can be

reduced only to around 10'‘'moles per l i t r e .  This represents a

concentration of a s im ila r order to the concentration of the
principal reactant anH a timber of orders of magnitude greater
than the hydrogen ion concentration preva iling during many of the
experimental runs.

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

The observed electrochemical k inetics  of the reactions 12.33 I 
contain both charge-transfer and d iffus ion  components (66 ) ,  and 
hence a complete description of the nett side reaction would 
require the replacement of a single term involving two e le c tro ­
chemical k inetic  parameters (k, and 2, )  in the s im plif ied  porous 
electrode equation 12.34 I by at least three terms containing a 
total of s ix  k inetic  parameters plus assorted concentration 
dependencies.

In view of the many uncertainties s t i l l  p reva il ing  as regards 
the mechanism and kinetics  of the oxygen reduction reaction,the 
incorporation of a large number of additional variables into an 
engineering model would undoubtably lead to resu lts  of rather 
dubious v a l id i t y ,  although the f i t  of a model w th  four extra 
parameters would na tu ra lly  appear to be rather better than the 
f i t  of a more simple model.

2H+ + 2e H2 15.3] 
12.33a 1 
12.33b 1

0* + 2H+ + 2e H?0?
H202 + 2H+ + 2e 2H2 0
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The results reported in Appendix D and in the l i te ra tu re  by 
other workers (141, 158) indicate that under certain 
circumstances the combined processes of hydrogen ion and oxygen 
reduction may be lumped together in a single e ffe c t ive  reaction 
which may be adequately described over a wide potential range 
by Psuedo-Tafel kinetics, based on a f la t t e r  apparent Tafel slope 
than is generally observed fo r  simple electrode processes. Such 
an approach, when applied to the experimental results  for 
nickel removal, leads to an average absolute e rro r of 5,?';. in 
the calculated percentage current e f f ic ie n cy  fo r  nickel removal, 
a quite acceptable accuracy for engineering ca lcu lations.

As meca-transfer and concentration effects  are now also lumped 
into the e ffect ive  k inetic  expression for the overall side 
reaction the values of the apparent Tafel slopes are only 
d i re c t ly  comparible fo r  d iffe rent systems under s im ila r 
hydrodynamic conditions. This condition is sa t is f ied  fo r  
comparison of the rotating disc electrode re su lt '  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 s im ila r i t y  between rotating 
disc electrode and packed bed e lectrode

Packed bed electrode 
Rotating disc electrode

Values of D V 3

6

conditions of A

for the experimental 

jpendix A & Appendix D

Minimum Maximum

9,0
9,4

27..1 
26,6

The rotating disc electrode experiments did not demonstrate any 
clear dependence of the electrochemical k inetic  parameters for 
the overall side reaction on the speed of ro ta tion . However, as 
two of the processes lumped into the overall reaction are subject 
to mass transfer influences some variations must be expected to 
occur, p a r t ic u la r ly  in the value of the apparent exchange current
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density, and these minor variations may be expected to contribute 
sign f ic a n t ly  to the scatter observed in the model f i t s  of 
Figures 5.2 to 5.6. Gross variations in the concentration of 
dissolved oxygen partic ipating  in the overall side reaction in 
the packed bed electrode were most u n l ik e ly ,  as the experimental 
conditions, especia lly  with regard to the rate at which the 
commercial grade nitrogen war. bubbled through the c ircu la t in g  
catholyte, were standardised throughout the program of 
experimental runs. Minor concentration differences could 
however also have contributed to tne scatter in the f i t te d  
re su lts .

The observed pH dependence of the exchange current density fo r  
the side reaction may be q u a l i ta t iv e ly  explained in terms of 
the electrochemical reaction orders of the various components 
of the overall side reaction. Experimentally confirmed values 
of the reaction orders with respect to the hydrogen ion are 
given in Table b.3 ( 66 ) ,  from which the anticipated ph! 
dependence of - i Q<- may be deduced from the resu lt  (66 ) .

8 108 I ^ o s .  ref I -  8 l09 1 - 10S. re f I = zo,H+ 16‘8)
3 log Ĉ + a pH

Table 5.3. Electrochemical reaction orders fo r 
side reaction processes

Reaction
2o, H+

Acid and Neutral 
Solution

Alkal irie 
Solution

[5.3] 2H++2e --------* H, 1
-

LS.4] H20+2e —  H ,+(OH) - 0

[2.33 a] 02 +2H++2e H202 0 1

[2.33b] H2 02 + 2H+ r2e ^  2HS 0 0 0

Equation [5.8] therefore predicts a linear pH dependence fo r  
log - i  in acid and neutral solution and no dependence
in a lkaline solution, provided that i t  is assumed that the



102.

hydrogen evolution reaction predominates in the overall side
reaction. This prediction is consistent with the experimental
resu lts , which indicate a pH dependence of - i  under

oS, ref
acidic conditions which becomes s tead ily  weaker as the bulk 
catholyte becomes more a lka lin e , u n ti l  around pH 8,0 the value 
is esse nt ia lly  independent o f pH. Since some a lk a l isa t io n  of 
the hydrodynamic boundary layer at higher current densities 
w i l l  inev itab ly  occur, thus leading to an e ffec t ive  pH a t the 
electrode surface which is greater than that of the bulk 
solution, th is  observation is consistent with available 
inform*tion which indicate" that the tra n s it io n  between reaction 
>5.3] and reaction [5.4 Itakes place around local pH 8 (66 ) .

5-2.4 Further Predictions o f the Mathematical Model 
fo r  the Nickol Case

The f i t te d  values o f  the electrochemical k in e t ic  oarameters 
fo r  the main and side reactions hive been used in producing 
plots of the overpotentia l, current e f f ic ie n c y  and current 
density p ro f i le s  across the packed bed electrode of the cell 

used in th is investigation. The dependence o f  the p ro f i le s  on 
nickel concentration, electrode current, catholyte flowrate 
and catholyte pH have a l l  been investigated and the results 

are given in the fo llow ing subsections. Results are also 
given for the overall electrode current e f f ic ie n c y  under 
varying operating conditions. A set of 'core ' conditions 
(50 ppmNi, 5A, 3,0 1/min and pH6 ) are incorporated in each 
set of results in order to f a c i l i t a te  comparison.

y/
The dimensionless length X = 'L  is used as the length scale 
for the various o ro f i le s .  The potential p ro f i le s  are fo r  the 
local overpotential n, dpfined in Appendix B by the

<quat10n n -  -  * [B.20]

ana /hich appears in the following expressions for the partia l 
current densities o f the main and side reactions
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