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I f  accurate potential data are not available the 

porous electrode equation may s t i l l  be solved using 
a numerical technique. The mathematical derivation 
o f the underlying equations and deta ils  o f  the 
calculation sequence are given in Section B.3 of 
Appendix B.

A Fortran program to solve the porous electrode 
equation on the basis of the theory outlined in 
Appendix B was developed. A s im plif ied  flowchart 
and detailed l i s t in g  of the program are given in 
Appendix C.

The version given in the appendix is that used as a 
subroutine in f i t t in g  the experimental results fo r  
the removal of nickel from d ilu te  solution. As such 
i t  contains a loop fo r  ca lcu lating the suvi of squared 
errors between experimental and theoretical resu lts . 
Other s l ig h t l y  modified versions of the program 
were used in f i t t i n g  the results of copper removal 
experiments, fo r  producing plots o f potential and 
current density p ro f i le s  and for pred icting the 
performance o f  a complete electrochemical reactor 
system.
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3. EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Introduction

The apparatus and experimental techniques used in the 
investigation o f nickel removal from d ilu te  solution
are discussed in some detail in th is  section. A b r ie f
reference is made to the apparatus and techniques used
by Young (11) in his study of copper removal in order 
to c la r i f y  the experimental basis o f the results 
presented in Section 4.

3.2 Electrochemical Removal of Nickel from Dilute Solution

3.2.1 Description o f Apparatus

The process of nickel removal was studied by means of a batch 
rec ircu la tion  system.

The apparatus used in the investigation  is shown schematically 
in Figure 3.1. The entire  flow system was constructed 
e ith e r  of glass or o f  p la s t ic  to avoid any contamination 
o f the c irc u la t in g  solutions.

Catholyte c ircu la t ion  was by means of an Iwaki MDH-25 
glandless magnet pump of polypropylene construction.
The solution was circulated from a f i f „ y  l i t r *  tank through 
a system of valves and rotameters into the base of the 
cathode compartment o f the packed bed c e l l .  The 
catholyte leaving the ce ll returned by g ra v ity  to the 
catholyte tank. Sampling points were provided at the 
cell in le t  and ou tle t .

Three accurately calibrated rotameters in para lle l were 
provided for measurement of the catholyte flowrate, which was 
controlled by means o f  p la s t ic  diaphragm valves. A side 
stream was diverted through a flow-through conductiv ity c e l l .  
This ce ll had been previously calibrated in a water bath at 
25°C using standard potassium chloride solutions o f known





sp ec if ic  conductiv ity .

The catholyte tank was marked with graduations at f ive  

l i t r e  in terva ls  so that any desired volume of 
catholyte could be c ircu la ted . This indicated volume 
included the volume of solution in the packed bed cell 
and remainder o f  the flow system. A three l i t r e s  per 
minute stream o f comnercial nitrogen gas (>95X N2) was 
bubbled through the catholyte which was s t ir re d  con­
tinuously. A stream of nitrogen v/as a i bo introduced 
into the top o f the packed bed c e l l .

The anolyte c ircu la t io n  system Wuj s im ila r  but less 
complev arui comprised a tank, MD-30 magnet pump and 
single p la s t ic  diaphragm valve and rotameter. Sampling 
points were provided and the solution in the anolyte 
tank was s t ir re d  continuously.

E le c t r ic  current to the packed bed cell was provicsd 
by a Kepco JQE 15-50 f i f t y  amp power supply operated 
in the constant current mode. The ce ll current was 
determined by measurement of the potential drop across 
a precision ( 4 1" )  ten millionm re s is to r  by means of 
a Radiometer PHM64 d ig ita l  voltmeter. The cell 
voltage was measured on a Comark Type 120 D.C. 
vol tmeter.

The conductance of the catholyte flowing through the 
conductiv ity ce ll was measured on a Wayne-Kerr B530 
universal bridge. M u lt ip l ica tion  o f the measured 

conductance by the cell constant then gave the solution 
s p e c if ic  conductiv ity.

The po tenti. l  o f  the packed bed cathode was measured 
at the current feeder and membrane by means of Luggin 
probes connected to two Radiometer 13530 saturated 
calomel reference electrodes. A Radiometer PHM 64 
d ig ita l  mi 11 i vol tmeter, o f  inp'it impedence greater than
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10 ohms, was used fo r  the potential measurements.
The reference electrodes were p e rio d ica lly  compared 
against each other and against a th ird  electrode and 
were always found to be w ith in  f ive  m i l l i v o l t s  o f  each 
other.

3.2.2. Description of Packed Bed e le c t r o ly t ic  Cell

The packed bed cell used in the investigation and 
i l lu s t ra te d  in Figure 3.2 was constructed o f  perspex, 
which has the advantages o f  being eas ily  machined and 
of being e le c t r ic a l ly  non-conducting.

Catholyte was pumped into the cathode compartment 
through two in le ts  at the base o f the cell and then 
flowed upward, f i r s t  through an entrance •'egion 100 
millimetres long packed with glass beads and then 
through the packed bed cathode i t s e l f .  The cathode 
was made up of uniformly sized nickel-picited lead 
spheres ana was supplied with e le c tr ica l current 
through a current feeder made o f copper plate which 
ran the length and breadth o f  the packed bed.
Catholyte leaving the top o f  the bed overflowed a 
weir and was collected in a perspex co llecting  tank, 
from which the solution returned by g ra v ity  through 
four ou tle t  pipes to the catholyte tank.

The ce ll was constructed to f a c i l i t a te  variation  of
the bed thickness, which was adjusted by inserting
rubber gaskets o f  d iffe re n t thickness between the
perspex backing o f  the cathode compartment and the
Ionac MA3475 anion permeable membrane separating
the anode and cathode compartments. The membrane

2 +
e f fe c t iv e ly  prevented Ni cations transferring  from 
the catholyte to the anolyte but did permit some limited 
d iffus ion  and migration o f  h igh ly mobile H+ ions 
from anolyte ;o catholyte.

Pertinent deta ils  of the packed bed cathode are given 
in Table 3.1 and further details  o f  the ce ll con­
struction are shov/n in Figure 3.3. The bed thickness

12
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was calculated from the volume of water required to 

f i l l  the cathode compartment (but exclud ing the entrance 
reg ion) before the cell was packed: the bed voidage 
was then calculated from the ''olume required to f i l l  
the cathode compartment a fte r  packing. A micrometer 
was used to measure the diameter o f  a large number o f  
par t ic les  and the average p a rt ic le  diameter was 
calculated from these measurements.

Considerable care was taken in the assembly o f  the ce ll 
to ensure that the packed bed was of uniform thickness 
throughout i t s  en t ire  length and breadth.

Table 3.1 Dimensions and de ta ils  o f  the packed bed 
cathode used fo r  nickel removal

Dimensions
Length : 100 cm 
Breadth : 20 cm 
Thickness : 0,42 cm

Current feeder area
2

2000 cm

Bed construction
Lead spheres -  n ickel plated 
Average diameter : 0,244 cm 

(standard 
devi ation 
0,015 cm) 

Bed voidage : 0,54

The anolyte was pumped in to the base o f  the anode 
compartment, from which i t  flowed upwards and over a 
weir into a co llec t ing  box. The solution then returned 
by g ra v ity  through two ou tle t pipes to the anolyte 
tank.

The lead anode was of the same length and breadth as 
the cathode current feeder. Flow in the anode com­
partment was upwards through a p la s t ic  mesh support



which held the anion permeable membrane f irm ly  at a 
constant distance from the anode surface i t s e l f .

Two Luggin probes were inserted lo a depth of ten 
centimetres into the packed bed to measure the 
p o t e n t ia l  o f the electrode at the current feeder 
ind at the separating membrane. The probes were 
connected to the reference electrodes by saturated 
potassium chloride sa lt  bridges which passed through 
a hole cut in the l i d  of the c e l l .  A stream o f  nitrogen 
was continually fed to the cathode compartment to 
prevent atmospheric oxygen d isso lv ing  in the catholyte: 
excess nitrogen, as well as hydrogen gas evolved at the 
cathode was vented through the same hole. Oxygen 
generated in the anode compartment was vented via the 
anolyte ou tle t  pipes which were operated in a s lu g - 
flow mode.

3.2.3 Experimental Procedure

Before the start of an experimental run the anolyte and 
catholyte tanks were f i l l e d  with d is t i l le d  water which 
was circu lated fo r  an hour at the desired flowrates. The 
period of c ircu la tio n  served to raise the temperature of 
the catholyte to 25°C - 1°C which was 3 -  4°C above the 
temperature of the constant temperature room in which the 
experiments were conducted. At the end of th is period a 
small volume of nickel sulphate so lution , containing 
s u f f ic ie n t  nickel to produce a start ing concentration of 
about 120 parts per m i l l io n ,  was added to the catholyte . 
Sulphuric acid was then added to the catholyte and 
anolyte to produce a catholyte pH of 3,0 -  3,5 and an 
anolyte acid concentration of about 1,5 grams per l i t r e .  
A l l  reagents used were of analyt ical q u a lity .

Preliminary exieriments had shown that boric acid, used 
as a buffer in commercial nickel e lectrop lating solutions, 
had no effect on experimental results when the p lating 
solution was diluted down to wash-water e ff luent 
concentration and no boric acid.was therefore added to 
the solutions used in the main experimental program.

At the end of a fu rther tan minute period o f c ircu lation  
and mixing the power supply '..as connected to t!;e cell 
and the experimental run startad . The ce ll  current and



the flowrates of the two c ircu la t in g  streams were kept 
constant throughout the run. At in terva ls  100 
m i l l i l i t r e  samples o f  the catholyte entering and 

leaving the ce ll were taken in polythene bott le s .  The 
catholyte conductance, bed potentials and ce ll voltage 
were measured at regular intervals and a check was kept 
on the temperatures o f the c ircu la tin g  anolyte and 
catholyte. Anolyte samples were taken at the s ta r t  and 
end o f  the run.

As the run progressed the nickcl concentration of the 
catholyte was reduced. At the same time the pH o f 
the catholyte rose as hydrogen ions were consumed in 
the competing reaction. Once pH8 was reached the 
current was switched o f f .  I f  the nickel concentration, 
as indicated by the conductance of the so lu tio n , was 
s t i l l  high, s u f f ic ie n t  sulphuric acid was added to 
again produce a catholyte pH o f  3,0 -  3,5 and, a f te r  
a ten minute period o f c ircu lation  and mixing, the 
power supply was reconnected and the run continued.

Once the nickel concentration had reached a s u f f ic ie n t ly  
low level the run was ended. Sulphuric acid was added 
to the now depleted catholyte to produce a pH o f
1,0 and this strongly acid ic solution was circu lated 
for ten minutes to wash the cathode. The anolyte and 
catholyte systems were then washed with at least three 
complete changes of d is t i l le d  water to leave the cell 
ready fo r  another run.

The pH o f  a ll  the samples was measured immediately 

and the samples were allowed to stand fo r  at least twenty 
four hours before being analysed for n icke l.  The 
.■'ickel analyses were performed at 352,4 nanometres on 
a Varian Techtron atomic absorbtion spectrometer.

Each sample was analysed twice fo r  n icke l. The f i r s t  
analysis was performed on the sample as taken, and the 
second a f te r  the sample had been ac id if ied  with a few 
drops o f  sulphuric acid and then vigorously shaken.
This procedure provided a check on whether any p re c ip i -



tation o f  nickel hydroxide had occurred during the 
experimental run. Any hydroxide which had been 
produced settled while the samples were standing and 
had no e ffe c t  on the f i r s t  analys is; a fte r a c id i f ic a ­
tion and agitation any hydroxide prec ip itate  re­
dissolved and a higher nickel concentration was measured 
in the second analysis.

3.2.4 Treatment of Results

A mass balance for nickel in the catholyte y ie lds

dCM 58,71 x 10 I t ,
I t  = ----------FTTV------------- [ 3 J ]

where is the nickel concentration (ppm) o f  the 

c ircu la tin g  catholyte, t  is the time (secs), V is 
the volume of c ircu la tin g  catholyte ( l i t r e s ) ,  I is 
the cell current (amps) and the current e ff ic ie n cy  
for nickel reduction. The assumptions inherent in the 
form of equation [3.11 are considered in section 5.5.

Provided the concentration change over a time interval 
is not too great the average current e ff ic ie n c y  over 
the time interval may be approximated by

CN -  nFV , ^  [3.2]
58,71 x 10 I At

where AC.. is the change in nickel concentration over 

the in terva l At.

Equation [3.2] gives the resu lt  fo r  the calculation 
o f current e f f ic ie n cy  from measured changes in the 
concentration of the bulk catholyte. Provided the 
concentration changes over the ce ll are not too great, 
i t  is reasonable to consider the current e f f ic ie n cy  

calculated in this manner to be the current e ff ic ie n cy  
determined at the average hydrogen ion and nickel 

concentrations e x is t in g  within the cell i t s e l f  at the 
time the measurements were made.



A pseudo steady-statf: mass balance for the nickel 
concentration difference over the cell y ie lds

58,71 x 103 x 60I t ,  r n
AC = __________________ ^  [3.3]
AtN nFQ

Where AC.. = CM TM -C., is  the difference between N N,IN N,0UT
the nickel concentrations (ppm) o f the catholyte at.

the in le t  and outlet o f the ce ll and Q is the
catholyte flow rate ( 1/min).

Hence the average nickel concentration in the cell may 
be calculated as

CN = CN, IN * ACN [3 ' 4]
~T~

and the arithmetic mean hydrogen ion concentration may 
be calculated from the measured values at the in le t  
and outlet of the c e l l .

Equation [3.2] is therefore used to calculate current 
e ff ic ie n c ies  from the experimental concentration versus 

time resu lts . This current e ff ic ie n cy  is considered 
as determined at the mean nickel concentration calcu­
lated using equation [3.4] and mean hydrogen ion 
concentration calculated from the catholyte pH 
measured at the in le t  and ou tle t of the c e l l .  Allowance 
is made in the calculations fo r  volume changes a f te r  
sampling.

3.2.5 Related Experimentation

Two other topics, namely an independent examination of 
the kinetics of the side reaction and the determination 
of the rate of d iffus ion  of hydrogen ions through the 
ce ll membrane from anolyte to catholyte , were investigated 
by means of additional experiments. B rief summaries of 
the theory, experirental apparatus and procedure and of 
the experimental results are presented in Appendices D 
and E respective ly.



Electrochemical Removal o f  Copper from Dilute Solution

3.3.1 Description o f  Apparatus and Packed Bed E le c t ro ly t ic  Cell

The apparatus and packed bed ce ll used by Young (11) in
his investigation of copper removal from d ilu te  solution are shown

in Figure 3.4.

Two 225 l i t r e  head tanks were used to feed the anolyte and 
cathoiyte to four o f the ce lls  in series. Solution entered 
each cell at the bottom, passed out at the top and was 
discarded a f te r  leaving the fourth c e l l .  Each ce ll was 
divided into two compartments by a one m illim etre  thick 
membrane o f microporous rubber sheeting. Glass beads 
served as flow d istr ibutors  at the in le t  o f each compartment 
and as a support between the lead anode and membrane. The 
cathode current feeder was a copper sheet and the cathode 
i t s e l f  consisted o f a bed of s ix  m illimetre by s ix  m illimetre 
lead cylinders. Other s ig n if ica n t details  are given in 
Table 3.2.

Table 3.2 Dimensions & details o f  the packed bed cathode 
used fo r  copper removal

Dimensi ons

Four cel Is in series 

Length: 4 x 55 cm 
Breadth: 5 cm 
Thickness: 2,5 cm

Current feeder area 1100 cm

Bed construction Lead cylinders: 6mm x 6mm 
Bed voidage : 0,407

3.3.2 Experimental Procedure and Treatment uf Results

Fresh solutions -  copper sulphate and sulphuric acid in tap 
water for the catholyte and sulphuric acid in tap water fo r  
the anolyte -  were run through the apparatus which was 
operated at constant flowrate and current. Head and e ff luent



65.



samples were taken at regular interva ls  and the cell voltage 

and pressure drop were regu larly  monitored.

A number of runs under identical conditions were performed on 
a bed which had i n i t i a l l y  been stripped free o f copper. As 
a fresh copper surface b u i l t  upon the bed the measured current 
e ff ic ie n cy  increased to a steady value. An average value of 
the current e f f ic ie n c y  was then taken from the fina l runs 
with consistent values. Once consistent values had been 
obtained the bed was stripped o f  copper and a new series of 
runs at d if fe rent operating conditions was commenced.

The average current e f f ic ie n cy  of the ce ll was calculated 
from a steady state mass balance analogous to that of 
equation [3 .3 ]. Once again the calculated current e f f ic ie n cy  
was considered as determined at the mean o f the measured 
in le t  and e ff lu e n t  copper concentration -  an assumption which 
is valid provided the change in concentration over the ce ll 
is  not too great.



EXPERIMENTAL RESULTS

4.1 Investigation o f  Nickel Removal

4.1.1 Primary Experimental Program -  Results obtained

A program o f  twenty experimental runs was conducted using 
the procedure detailed in Section 3. The range of 
experimental conditions investigated in the course of 
this program is  detailed in Table 4.1 and detailed 
results fnr a l l  runs are presented g raph ica lly  in 
Appendix A.

Each set of results includes

(a) the measured nickel concentration versus 

time curve,
(b) the catholyte in le t  and o u t le t  pH versus 

time curves,
(c) the current e f f ic ie n cy  versus time curve 

calculated using equation [3 .2 ],
(d) the bed potential versus time curves measured 

at current feeder and anion permeable 
membrane, and

(e) the catholyte sp ec if ic  conductiv ity versus 
time curve.

Dotted curves ind icating the arithm etic average o f the 
catholvte in le t  and ou tle t hydrogen ion concentrations 
as well as the mean nickel concentration have been included 
wherever feasible.

As has previously been mentioned a ll  samples were analysed 
twice for nickel in order to check whether prec ip itation of 
nickel hydroxide had taken place. In only two cases, namely 
in runs 2 and 7 was there a s ig n if ic a n t difference between
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Table 4.1 Summary o f  experimental conditions in the 

investigation of nickel removal

Run
No.

Cell
Current
(amps)

Catholyte 
FI owrate 

( 1 itras/min)

Nickel Concentrations(ppm)

Ini t i  al Final

1 1 ,0 3,0 108,5 3,2

2 1,0 1 ,0 109,6 4,4

3 1,0 3,0 98,0 2 ,0

4 1 ,o * 0 98,4 3,9

5 1 ,0 94,7 3,6

6 1,0 1,0 95,4 5,6

7 10 ,C 8,0 107,8 4,9

8 5,0 8 ,0 111 ,8 2 ,2

9 7,5 8,0 131,0 4,2

10 15,0 3,0 110,6 3,2

11 7,5 3,0 154,1 7,1

12 15,0 3.0 308 23,4

13 10,0 3,0 308 9.7

14 5,0 3,0 103,3 5,0

15 15,0 5,0 115,6 2 ,0

16 10,0 5,0 109,1 1,9

17 7,5 5,0 107,4 3,5

18 5,0 5,0 107,2 2 ,0

19 7,5 1 ,o 106,4 21 ,1

20 5,0 1,0 107,9 18,9



the nickel concentrations measured before and a f te r  a c id i f ic a ­
tion o f the samples. This d ifference, which amounted to
1,6 parts per m il l ion  at the end of run 2 and 0,4 parts 
per m il l io n  at the end of run 7, increased s tead ily  from 
the apparent onset o f  p rec ip itation at about pH7.5. In 
the case o f  runs 12-14 a s l ig h t  tu rb id ity  was observed 
in the c ircu la tin g  catholyte at higher pH values but no 
measurable difference in the nickel analyses was obtained. 
There was therefore very l i t t l e  apparant p rec ip itation  of 
nickel hydroxide and even when p rec ip itation did occur i t  
was very lim ited in extent.

In the m ajority o f  runs the in i t ia l  nickel concentration 
was about 110 parts per m il l ion  and was generally reduced 
to a level o f f ive  parts per m ill ion  or less. The 
concentrations l is te d  in Table 4.1 are fo r  the bulk 
catholyte and the concentrations of the stream leaving the 
ce ll were natura lly  even smaller.

4.1.2 Experimental Reproducibility

Two additional pairs o f  experimental runs were cjnducted 
under identical conditions in order to gauge the reproducibi­
l i t y  o f  the experiments. From the results o f  these runs 
(shown in Figure 4.1) i t  is  apparent that a high degree 
o f re p ro d u c ib il ity  was attained. Such s l ig h t  differences 
as do e x is t  may be ascribed to the d if fe re n t  pH versus 
time behaviour caused by s l ig h t ly  d if fe re n t  rates * hydrogen 
ion d iffus ion  and migration from the anolyte to the 
catholyte. These differences do not a ffect the mathematical 
modelling o f  the process as the e f fect o f pH is taken 

into account by the model.

As the re p ro d u c ib il i ty  o f the experiments was sa t is fa c to ry  i t  
was decided that none of the experiments in the primary



FIGURE 4.1. REPRODUCIBILITY OF NICKEL ION KtMOVAL EXPERIMENTS.



program would be duplicated. A maximum of three runs, 
including a ll  analyses and calcu lations, could be performed 

per week and th is  decision therefore considerably shortened 
the duration of the experimental program.

4.1.3 Catholyte Spec ific  Conductivity

Before the mathematical model could be applied to the analysis 
o f  the experimental results the conductiv ity of the catholyte 
under the conditions o f pH and nickel concentration ex is t in g  
w ithin the in te r io r  of the packed bed cell had to be defined. 
The experimental conductiv ity  results for the bulk catholyte 
were therefore used to develop a re lation for s p e c if ic  con­
d u c t iv it y  as a function of pH and nickel concentration.

The conductiv ity was found to be well described by the 
expression.

< = (3,283 [N i2+] + 5,358 x 10s [H+] + 10,89) x l0 ~6 [4.1] 

• ? + where < is the sp ec if ic  conductiv ity (mho/cm); [Ni ]
(ppm) and [H+] (m oles/ litre ) are the concentrations of 
these ions in solution

The f i t  o f  values calculated using equation [4.1] against 
over two hundred experimentally measured conductiv ity  values 
is shown in Figure 4.2. Although at very low sp ec if ic  
conductiv ities the calculated values do become s l ig h t l y  
greater than the experimental values too much s ign ificance 
should not be attached to th is  observation as the ca lib ration  
curve of the conductiv ity  ce ll  was also most uncertain in 
this region.

The theoretical basis for the form o f function chosen for 
f i t t in g  the experimental results is as follows.

The spec if ic  conductiv ity o f  the solution is given by

2

* = F f z i ui S  [4.2]
2

Where u, is the ion ic  m o b il ity  o f species i (cm -m o l/ Js e c ) ,. ' 3
Cj is the ion ic  concentration (mol/cm ) and k is the 
sp ec if ic  conductiv ity  (mho/cm).
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FIGURE 4.2 . COMPARISON OF EXPERIMENTAL AND  

CALCULATED SPECIFIC CONDUCTIVITIES.

/



Ion ic  m obilit ies  are not generally reported in the l i te ra tu re ;  
instead values o f  ion ic  equivalent conductances are given. 
These are related to ion ic  m obilit ies  by

Xj -  [ 4 . 3 ]
2

Where >  ̂ is the ionic equivalent conductance (mho-cm /eq), 
and the spec if ic  conductiv ity is therefore

< [4.4]

Ionic equivalent conductance values are dependent on concentra­
tion and are therefore usually reported at in f in i te  d i lu t io n .  
Values for the ion ic  species present in the e le c tro ly te  used 
in the experiments are given in Table 4.2 (63).

Table 4.2 Values o f l im it in g  io n ic  equivalent conductances 
at in f in i te  d ilu t ion  in water at 25°C.

Application of equation [4 .4 ],  without any correction fo r  
the concentration dependence of the ion ic conductances, to 
a solution containing A moles per l i t r e  o f  NiSOu and 
B moles per l i t r e  o f  H2S0i4 y ie ld s .

K = 0.266A + Q.860B [4.5]

which may be expressed in terms o f  the units of equation 
[4.1] as

2+ 5 + _6
< = ( 4,5[Ni ] + 4,30 x 10 [ H ] ) xlO [4.6] 

and th is is in f a i r  agreement with equation [4 .1].
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4.1.4 Cell Voltage

Experimental results for the range o f  ce ll voltage are 
plotted in Figure 4.3. The lower curve applies to the 
s ta r t  o f  experimental runs (when catholyte conductiv ities 
were re la t iv e ly  high) and the upper curve to the cell 
voltages measured towards the end o f  runs.

4.1.5 Diffusion of Hydrogen ions through the Anion 
Permeable Membrane

The results o f  batch d iffus ion experiments conducted along
the lines indicated in Appendix E are plotted in
Figure 4.4. The hydrogen ion d iffus ion coeff ic ients have
been calculated from the slopes of the s tra igh t l ine  sections 

_ - 6  2 
o f  the curves. The mean value of 3,52 x 10 cm /sec fo r
d iffus ion through the membrane is approximately 1/25th o f

-5 2

the typ ica l value o f  9,312 x 10 cm /sec reported in the 
l i te ra tu re  (12,63) for the d iffusion co e ff ic ie n t  in 
aqueous solution at in f in i te  d i lu t io n .

4.1.6 Investigation of Side Reaction Kine tics  at 
a Rotating Disc Electrode

The results of an extensive series of rotating disc electrode 
polarisation experiments conducted on a blank e le c tro ly te  
solution prepared in a s im ila r manner to the solution us<?d 
in the main investigation are reported and b r ie f l y  analysed 
in Appendix D.

Experimental conditions are summarised in Table 4.3 together 
with the experimentally determined values of Tafel slope (b) 
and exchange current density - i Q<. .

4 .2 Investigation o f Copper Removal

The results (11) o f  Young's investigation o f copper 
removal from ac id ic  solutions o f  copper sulphate are 
summarised in Figures 4.5 and 4.6 Further deta ils are 
given in Table 4.4.
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FIGURE 4 .4 .  RESULTS OF BATCH DIFFUSION EXPERIMENTS.



Table 4.3 Summary of rot ating disc electrode experimenta1
conditions and experiment a l l y  determined 
electrochemical k inetic  parameters

Run pH Speed
(rpm)

Sweep rate 
(mV/S)

b
(mV) V -> ,re f 

(A/cm2)
Potential

Range(
Remarks

A1 3,0 500 10 545 -1 ,46x10*4 500-2000
A2 3 ,C 2000 50 700 - 5 , 59x 10_t4
A3 3,0 4000 50 615 -3 ,55x10-'*
A4 3,0 500 50 670 -4,02x10^
A5 3,0 2000 20 530 -1 ,46x10"u
B1 4,0 2000 50 335 -5,17x10-6 1000-2600
B2 5,7 500 50 320 -3,23x10~6
B3 5,8 500 100 320 -3,28x10-6
B4 6 ,0 2000 100 320 -3 ,37x10“ 6
B5 6,7 2000 100 320 -3,37x10" 6
B6 7,4 2000 100 320 -3 ,28x10- f '
B7 8,3 2000 1000 325 -3 ,66x10" 6
B8 8,7 2000 100 330 -4,08x10"'
B9 3,7 2000 50 400 -2 ,13 x 10~ 5 500-2600 Effects

B10 
B11

3.7
3.7

2000
500

50
50

960
1030

-6,25x10"“ 
- 10 ,0x 10_u

of varying 
aeration

B12 3,7 2000 50 820 -5,43x10-1*
Cl 4,1 2000 20 470 -2,70x10"5 500-2600 E lectro ly te
C2
C2

4.1
4.1

2000
4000

20
20

370
380

- 6 , 20x 10 '6 
-7,88x10~6

1000-2600
1000-2600

treated
with
activated
C

D1 4,1 4000 20 545 -  7, 31 x 10" 5 500-2600 Dull Ni
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FIGURE 4.5. EFFECT OF CONCENTRATION ON COPPER REMOVAL EFFICIENCY.
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FIGURE 4.6. EFFECT OF FLOWRATE O N  COPPER REMOVAL EFFICIENCY.
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