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If accurate potential data are not available the
porous electrode equation may still be solved using
a numerical technique. The mathematical derivation
of the underlying equations and details of the
calculation sequence are given in Section B.3 of
Appendix B.

A Fortran program to solve the porous electrode
equation on the basis a2f the theory outlined in
Appendix B was developed. A simplified flowchart
and detailed listing of the program are given in
Appendix C.

The version given in the appendix is that used as a
subroutine in fitting the experimental results for
the removal of nickel from dilute solution. As such
it contains a loop for calculating the sum of squared
errors between experimental and theoretical results.
Other slightly modified versions of the program
were used in fitting the results of copper removai
experiments, for producing plots of potential and
current density profiles and for predicting the
performance of a complete electrochemical reactor
system.
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3. EXPERIMENTAL APPARATUS AND PROCEDURE

3.1

3.2

Introduction

The apparatus and experimental techniques used in the
investigation of nickel removal from dilute solution
are discussed in some detail in this section. A brief
reference is made to the apparatus and techniques used
by Youna (11) in his study of copper removal in order
to clarify the experimental basis of the results
presented in Section 4.

Electrochemical Removal of Nickel from Dilute Solution

321 Description of Apparatus

The process of nickel removal was studied by means of a batch
recirculation system.

The apparatus used in the investigation is shown schematically
in Figure 23.1. The entire flow system was constructed
either of glass or of plastic to avoid any contamination

of the circulating solutions.

Catholyte circulation was by means of an Iwaki MDH-25
glandless magnet pump of polypropylene construction.

The solution was circulated from a fif.y litre tank through
a system of valves and rotameters intoc the base of the
cathode compartment of the packed bed cell. The

catholyte leaving the cell returned by gravity to the
catholyte tank. Sampling points were provided at the

cell inlet and outlet.

Three accurately calibrated rotameters in parallel were
provided for measurement of the catholyte flowrate, which was
controlled by means of plastic diaphragm valves. A side
stream was diverted through a flow-through conductivity cell.
This cell had been previously calibrated in a water bath at
25°¢ using standard potassium chloride solutions of known

&
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lolzohms, was used for the potential measurements.

The reference electrodes were periodically compared
against each other and against a third electrode and
were always found to be within five millivolits of each
other.

3.2.2. Description of Packed Bed Zlectrolytic Cell

The packed bed cell used in the investigation and
illustrated in Figure 3.2 was constructed of perspex,
which has the advantages of being easily machined and
of being electrically non-conducting.

Catholyte was pumped into the cathode compartment
through two inlets at the base of the cell and then
flowed upward, first through an entrance »egion 100
millimetres long packed with glass beads and then
through the packed bed cathode itself. The cathode
was made up of uniformly sized nickel-plated lead
spheres ana was supplied with electrical current
through a current feeder made of copper plate which
ran the length and breadth of the packed bed.
Catholyte leaving the top of the bed overflowed &
weir and was collected in a perspex collecting tank,
from which the solution returned by gravity through
four outlet pipes to the catholyte tank.

The cell was constructed to facilitate variation of

the bed thickness, which was adjusted by inserting
rubber gaskets of different thickness between the
perspex backing of the cathode compartment and the

Ionac MA3475 anion permeable membrane separating

the anode and cathode compartments. The membrane
effectively prevented Ni2+ cations transferring from
the catholyte to the anolyte but did permit some limited
diffusion and migration of highly mobile H' ions

from anolyte :0 catholyte.

Pertinent details of the packed bed cathode are given
in Table 3.1 and further details of the cell con-
struction are shown in Figure 3.3. The bed thickness

s —



l
!
!

} -
x 300
| |
|
!
- - (=
’ ; b ] *
p:‘,'v
current - - Nnoa
¢ r 4
. -
-
»r b
t regior
X
¢ 3 e
L afgT L t y L A ¢
, b o e '
33

dimensions in mm

FIGURE 3.2 PACKED BED CELL

+ +
rac
olt
tr l
- *
l
alln X
norlor
48 §"

on
~J

= — 7
|+ ‘t;

\

elr = |
o ettt T |

| | |

- -

— poiaalp,

nlet | ]
. -
—4 l— -_f N ‘,YJ- _j
I S st R
(

—200 —»
jo—ro 24 —

FRONT VIEW

FOR NICKEL EXPERIMENTS



58.

14
— L
0,5
Rt it SUD——-
25 537 B8 . ey
//
-/
= anion
i S| perineable
4( membrane
45
- L
T >
. °
/ .."g
} !9. | lead
packed bed ___| , ,.Q:' anode
cathode / @d
| __plastic
mesh
copper __|
current
feeder
rubber
gaskets
s
- /r_'atno(yteT Tanc!yte

dimensions in mm

FIGURE 3.3 ENLARGED SECTION OF THE NICKEL CELL









61.

the flowrates of the two circulating streams were kept
constant throughout the run. At intervals 100
millilitre samples of the catholyte entering and
leaving the cell were taken in polythene bottles. The
catholyte conductance, bed potentials and cell voltage
were measured at reqgular intervals and a check was kept
on the temperatures of the circulating anolyte and
catholyte. Anolyte samples were taken at the start and
end of the run.

As the run progressed the nickel concentration of the
catholyte was reduced. At the same time the pH of
the catholyte rose as hydrogen ions were consumed in
the competing reactiuvn. Once pH8 was reached the
current was switched off. If the nickel concentration,
as indicated by the conductance of the solution, was
still high, sufficient sulphuric acid was added to
again produce a catholyte pH of 3,0 - 3,5 and, after
a ten minute period of circulation and mixing, the
power supply was reconnected and the run continued.

Once the nickel concentration had reached a sufficiently
low level the run was ended. Sulphuric acid was added
to the now depleted catholyte to produce a pd of

1,0 and this strongly acidic solution was circulated
for ten minutes to wash the cathode. The anolyte and
catholyte systems were then washed with at least three
complete changes of distilled water to leave the cell
ready for another run.

The pH of all the samples was measured immediately

and the samples were allowed to stand for at least twenty
four hours before being analysed for nickel. The

nickel analyses were performed at 352,4 nanometres on

a Varian Techtron atomic absorbtion spectrometer.

Each sample was analysed twice for nickel. The first
analysis was performed on the sample as taken, and the
second after the sample had been acidified with a few
drops of sulphuric acid and then vigorously shaken.

This procedure provided a check on whether any precipi-
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tation of nickel hydroxide had occurred during the
experiménta] run. Any hydroxide which had been

produced settled while the samples were standing and

had no effect on the first analysis; after acidifica-
tion and agitation any hydroxide precipitate 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 yields

3
58,71 x 10 Igy

% = nEV [3.1]

where CN is the nickel concentration (ppm) of the
circulating catholyte, t is the time (secs), V is

the volume of circulating catholyte (litres), I is

the cell current (amps) and EN the current efficiency
for nickel reduction. The assumptions inherent in the
form of equation [3.1] are considered in section 5.5.

Provided the concentration change over a time interval
is not too great the average current efficiency over
the time interval may be approximated by

nFV aCy
3
58,71 x 101 at

&y [3.2]

where ACN is the change in nickel concentration over
the interval At.

Equation [3.2] gives the result for the calculation
of current efficiency from measured changes in the
concentration of the bulk catholyte. Provided the
concentration changes over the cell are not too great,
it is reasonable to consider the current efficiency
calculated in this manner to be the current efficiency
determined at the average hydrogen ion and nickel
concentrations existing within the cell itself at the
time the measurements were made.
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A pseudo steady-state mass balance for the nickel
concentration difference over the cell yields

3
58,71 x 10 x 60I¢,

aCy = iy {3.3]

Where AC, = C is the difference between

N N,IN “N,0UT
the nickel concentrations (ppm) of the catholyte at
the inlet and outlet of the cell and Q is the
catholyte flow rate (1/min).

-C

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

O = O e izc’i [3.4]

and the arithmetic mean hydrogen ion concentraticn may
be calculated from the measured values at the inlet
and outlet of the cell.

Equation [3.2] is therefore used to calculate current
efficiencies from the experimental concentration versus
time resuits. This current efficiency 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 inlet and outlet of the cell. Allowance
is made in the calculations for volume changes after
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 diffusion of hydrogen ions through the

cell membrane from anolyte to catholyte, were investigated
by means of additional experiments. Brief summaries of
the theory, experimental apparatus and procedure and of
the experimental results are presented in Appendices D

and E respectively.
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4. EXPERIMENTAL RESULTS

4.1

Investigation of Nickel Removal

4.1.1 Primary Experimental Program - Results obtained

A program of 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 far all runs are presented graphically in
Appendix A.

Each set of results includes

(a) the measured nickel concentration versus
time curve,

(b) the catholyte inlet and outlet pH versus
time curves,

(¢) the current efficiency 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 specific conductivity versus
time curve.

Dotted curves indicating the arithmetic average of the
catholyte inlet and outlet hydrogen ion concentrations

as well as the mean nickel concentration have been included
wherever feasible.

As has previously been mentioned all samples were analysed
twice for nickel in order to check whether precipitation of
nickel hydroxide had taken place. In only two cases, namely
in runs 2 and 7 was there a significant difference between

e R
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the nickel concentrations measured before and after acidifica-

tion of the samples. This difference, which amounted to
1,6 parts per million at the end of run 2 and 0,4 parts
per million at the end of run 7, increased steadily from
the apparent onset of precipitation at about pH7.5. In
the case of runs 12-14 a slight turbidity was observed

in the circulating catholyte at higher pH values but no
measurable difference in the nickel analyses was obtained.
There was therefore very little apparant precipitation of
nickel hydroxide and even when precipitation did occur it
was very limited in extent.

In the majority of runs the initial nickel concentration
was about 110 parts per million and was generally reduced
to a level of five parts per million or less. The
concentrations listed in Table 4.1 are for the bulk
catholyte and the concentrations of the stream leaving the
cell were naturally even smaller.

4.1.2 Experimental Reproducibility

Two additional pairs of experimental runs were conducted
under identical conditions in order to gauge the reproducibi-
lity of the experiments. From the results of these runs
(shown in Figure 4.1) it is apparent that a high degree

of reproducibility was attained. Such slight differences

as do exist may be ascribed to the different pH versus

time behaviour caused by slightly different rates ~ hydrogen
ion diffusion and migration from the anolyte to the
catholyte. These differences do not affect the mathematical
modelling of the process as the effect of pH is taken

into account by the model.

As the reproducibility of the experiments was satisfactory it
was decided that none of tha experiments in the primary
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4.1.4 Cell VYoltage

Experimental results for the range of cell voltage are
plotted in Figure 4.3. The lower curve applies to the
start of experimental runs (when catholyte conductivities
were relatively high) and the upper curve to the cell

vol tages measured towards the end of runs.

4.,1.5 Diffusion of Hydrogen ions through the Anion
Permeable Membrane

The results of batch diffusion experiments cenducted along
the 1ines indicated in Appendix E are plotted in

Figure 4.4. The hydrogen ion diffusion coefficients have
been calculated from the slopes of the straiggt ;ine sections
of the curves. The mean value of 3,62 x 10 cm /sec for
diffusion through the membrane i§5apgroximate1y 1/25th of
the typical value of 9,312 x 10 cm /sec reported in the
literature (12,63) for the diffusion coefficient in

aqueous solution at infinite dilution.

4.1.6 Investigation of Side Reaction Kinetics at

a Rotating Disc Electrode

The results of an extensive series of rotating disc electrode
polarisation experiments conducted on a blank electrolyte
solution prepared in a similar manner to the solution used

in the main investigation are reported and briefly 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 -105, ref"

Investigation of Copper Removal

The resuits (11) of Young's investigation of copper
removal from acidic solutions of copper sulphate are
summarised in Figures 4.5 and 4.6 Further details are
given in Table 4.4,
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Table 4.3 Summary of rotating disc electrode experimental
conditions and experimentally determined
electrochemical kinetic parameters
Run pH Speed Sweep rate b -1‘0.J it Potential Remarks
(rpm) (mv/S) (mv) (A/cm? ) Range( mVsee)

Al | 3,0 500 10 545 | -1,46x10"% | 500-2000

A2 | 3,0 | 2000 50 700 | -5,59x10""

A3 | 3,0 [ 4000 50 615 | -3,55x10™"

A4 | 3,0 500 50 670 | -4,02x10""

A5 | 3,0 | 2000 20 530 | -1,46x10""

B1 | 4,0 | 2000 50 335 | -5,17x10"% | 1000-2600

B2 | 5,7 500 50 320 | -3,28x10-°

B3 | 5,8 500 100 320 | -3,28x10°°

B4 | 6,0 | 2000 100 320 | -3,37x10°%

B5 | 6,7 | 2000 100 320 | -2,37x10°°

B6 | 7,2 2000 100 320 | -3,28x10°°

B7 |8,3 | 2000 1000 325 | =3,66x107°

B8 | 8,7 | 2000 100 330 | -4,08x10°°

B9 | 3,7 | 2000 50 400 | -2,13x10°° | 500-2600 Effects
B10 | 3,7 | 2000 50 960 | -6,25x10°" L i
B11 | 3,7 500 50 1030 | -10,0x107"
B12 | 3,7 | 2000 50 820 | -5,43x107"

c1 | 4,1 2000 20 470 | -2,70x107° 500-2600 Electrolyte!
c2 | 4,1 | 2000 20 370 | -6,20x10°% | 1000-2600 :qggtEd
€2 |4,1 | 4000 20 380 | -7,88x107% | 1000-2600 Ectivated
D1 | 4,1 | 4000 20 545 | -7,31x10°° 500-2600 Dull Ni

S g
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