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A comparative study was conducted to assess the performance of 1 N solutions of hydrochloric acid, 
ferrous chloride and ferric chloride solutions to dissolve the 74% Ni-4% Cu-20% S nickel sulphide matte 
anodes. The essential variables considered here were: temperature (25 ~ and 75 ~ C), oxygen and con- 
trolled potential. The relative aggressiveness as estimated by the potentiokinetic polarization curves and 
dissolution experiments with open circuit can be arranged in the following sequence: 

Fe 3+ > Fe 2+ > H + . 

At +400 mV versus SCE, the aggressiveness reversed in the following sequence: 

H + > Fe 2+ > Fe 3+ . 

The experimental values of dissolution rates with open circuit and at constant potential were higher than 
those calculated from the dissolution current densities (potentiokinetic polarization curves), and from 
the amount of  charge passed (at +400 mV versus SCE). 

Attack by intergranular dissolution and pitting was observed throughout these experiments. The for- 
mation of/3-NiS by the reaction Ni3S2 ~ Ni 2+ + 2/3-NiS + 2e was confirmed by X-ray analysis. The 
above results are interpreted in the light of the possible electrochemical mechanisms. 

1. Introduction 

A sulphate-chloride electrolyte, which is well 
known for the electrodeposition of nickel is also 
widely used for the electrowinning of nickel and 
associated metal values from their sulphide-based 
converter matte anodes [ 1 ]. The same electro- 
lyte is also used for the electrorefining of scrap 
nickel. The usual operating conditions are: initial 
pH 2, temperature 60 ~ C, and current density 
10-40 mA cm -z [1-1 t ] .  The presence of 
chloride as sodium chloride (1 N concentration) 
maintains the sulphide anode in an active dissolu- 
tion condition [4-10].  Recently, hydrochloric 
acid solutions [12, 13] have been tested to dis- 
solve nickel sulphide matte anodes. A flow sheet 
has been developed for the dissolution of 26% Cu, 
48% Ni and 21% S ground mattes in 9 N hydro- 
chloric acid solution [12] at 65~ To avoid the 
problem of hydrogen sulphide, acidic metallic 
chloride solutions belonging to the alkali metal, 

alkafine earth metal and transition metal groups 
have also been tested [14-17]. The ferrous and 
ferric chloride solutions are the most widely 
tested electrolytes among the transition metal 
chloride solutions [14-17].  

In order to promote the unconventional dis- 
solving agents, i.e., hydrochloric acid, ferrous 
chloride, and ferric chloride to the conventional 
utilization level, it is absolutely essential to 
understand the underlying electrochemistry of 
the nickel sulphide dissolution. Such an under- 
standing is lacking with respect to the above three 
electrolyte-nickel sulphide systems. Hence, a 
systematic study has been conducted in order to 
rationalize the dissolution and electrochemical 
behaviour of converter matte anodes containing 
74% nickel, 4% copper and 20% sulphur in 1 N 
solutions of  hydrochloric acid, ferrous chloride 
and ferric chloride. The key parameters considered 
were: time, temperature, oxygen and applied 
potential. A substantial attempt was also made to 
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examine the influence of the above parameters on 
the morphology of attack and phase change. The 
above electrode composition is quite significant 
from the viewpoint of the INCO practices [ 1 ]. 

2. Experimental 

The nickel sulphide matte anode supplied by the 
INCO refinery, Port Colborne, Ontario, had the 
following composition: 74 wt% Ni, 4 wt% Cu, 
0-5 wt% Fe, 0.6 wt% Co, and 20 wt% S. The X-ray 
diffraction pattern of the polished*-etched t anode 
revealed (Fig. 13) the presence of Ni3S2 (ASTM 
8-126), Cu1.96 S (ASTM 17-449) and Ni (ASTM 
4.0850) phases having hexagonal, (a0 = 0.574 nm, 
Co = 0.7139 nm), tetragonal (ao = 0.3996 nm, 
Co = 1.1287 nm) and face-centred cubic struc- 
tures (ao = 0.35238 nm), respectively. The photo- 
micrograph (Fig. la) showed the presence of a 
light grey rounded phase and a nearly square white 
platelet phase. An electron-microprobe scan (Fig. 
lb) indicated the presence of sulphur and copper 
in the greyish phase, and the presence of nickel 
and copper in the white platelet, although in 
small amounts, there is an enrichment of copper 
at the edges of the nickel precipitate. The nickel 
phase detected by X-ray analysis can actually be 
a nickel-rich nickel-copper alloy having its 
lattice constant very close to that of pure nickel. 
These observations are in accordance with the 
thermodynamic phase diagram for the Ni-Cu-S 
system favouring the formation of Ni3S2 (heazle- 
woodite), Cut.96 S and Cu-Ni alloy phases during 
the cooling of the converter melts, having the 
composition mentioned above. 

The electrode design is shown in Fig. 2a. The 
matte anode was machined to a 1 cm diameter 
disc, soldered to an insulated wire for electrical 
contact, and then mounted in bakelite after 

' .passing through a glass tube. The type of cell 
that is given in Fig. 2b had provisions for nitrogen 

:~ gas, water condenser, water circulation, reference, 
�9 Working and counter electrodes, and solution- 

drain-tap. The luggin probe of the saturated 
KCl-agar bridge came quite close to the working 
electrode to avoid/R-drops. The electrochemical 

* Polished on 240--600 grit wet emery papers, and then, 
on cloth polishing wheel embedded with 0.05 #m 
alumina suspension. 
t Etched in 1 N HC1 for 10 s. 
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Fig. 1. Photomicrograph and electron microprobe scans 
of the polished nickel-copper sulphide. 
(a) Photomicrograph (• 105). 
(b) Electronmicroprobe scans. 
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Fig. 2. Experimental arrangement for dissolution and electrochemical measurements. 

set-up, shown in Fig. 2c, was conventional in 
character. A saturated calomel electrode was used 
as the reference electrode, and all the potentials 
in this paper are given with respect to this 
electrode. A graphite rod was used as a counter 
electrode. 

For each experiment, the polished electrode 
was treated with hydrochloric acid for 1 min, 

to relieve the strain and dissolve the surface films 
formed during polishing. Then, it was finally pre- 
reduced at --600 mV versus SCE in hydrochloric 
acid solution for 15 min, before making the 
electrochemical measurements. This value was 
chosen from the preliminary potentiokinetic 
polarization curves. The last step was not adopted 
in ferrous or ferric chloride solutions to prevent 



316 D.V. SUBRAHMANYAM AND EDWARD L. GHALI 

the reduction of ferrous or ferric ions. Each 
electrode was used twice. Every experiment was 
duplicated by using one fresh and one used 
electrode. 

The experiments were done with stirred 
solutions of 1 N HCI, 1 N FeC12 and 1 N FeCI3. 
The pH of the latter two solutions was adjusted 
to pH 0.3 with sulphuric acid solution to keep 
the chloride concentration constant. For each 
experiment, 1000 ml 'of  solution was taken. The 
following was the sequence of experiments: 

(a) The potentiokinetic polarization curves of 
the polished nickel sulphide electrodes (scan rate 
500 mV h -1 ) were obtained in oxygen-free i.e., 
nitrogen-saturated, and oxygen-saturated solu- 
tions at 25 ~ and 75 ~ C. 

(b) The amounts of nickel and copper dis- 
solved from the sulphide with open circuit and at 

�9 potential were determined as a function 
of time by atomic absorption analyses of 8-10 ml 
samples drawn at regular intervals. 

(c) The morphology of attack was determined 
with a Unitron microscope and the crystal struc- 
ture with a Phillips X-ray Diffractometer (CuKa 
radiation). 

3. Results 

3.1. Potentiokinetic polarization curves 

The potentiokinetic polarization curves of 74% 
nickel-4% copper sulphide electrode in stirred 1 N 
HC1, 1 N FeC12 and 1 N FeCla solutions are shown 
in Figs. 3-5. In certain instances, the cathodic and 
anodic curves consisted of linear portions corres- 
ponding to the electrochemical, i.e. charge transfer- 
controlled step, and non-linear portions signifying 
cathodic and anodic limiting current densities. The 
limiting current densities can be caused by the 
two factors: (i) diffusion control at the solution- 
nickel sulphide interface or in bulk solution itself; 
(ii) space-charge limited currents caused by elec- 
tron and or hole transport, provided the nickel-- 
copper sulphide is assumed to behave as a low 
energy-gap semiconductor. The point of inter- 
section of the linear portions of the polarization 
curves gives the values of the dissolution poten- 
tials and corresponding dissolution current den- 
sities. The electrode parameters, i.e., Tafel slopes, 
dissolution potentials, and critical potentials 
(potential corresponding to anodic limiting cur- 
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Fig. 3. Potentiokinetic polarization curves of nickel--copper sulphide in stirred 1 N HC1 solutions. Scan rate 500 mV h -1 
in all cases. 
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Fig. 4. Potent iokinet ic  polarization curves of  n ickel -copper  sulphide in stirred 1 N FeCI 2 solutions. 

Table 1. Electrode parameters of  nickel-copper-sulphide in hydrochloric acid, ferrous chloride and ferric chloride 
solutions using stirred solutions (Concentration 1 N; pH 0.1-0.3). Values obtained from the polarization curves in 
Figs. 3-5 

Condition Tafel slopes Potential (mV versus SCE) Current density 
(mV decade -r ) ( m A c m -  5) 

Cathodic Anodie Dissolution Critical Dissolution Critical 

l .  HC1 

(a) 25 ~ C - -  N 2 --75 +105  --325 +100  0.006 28 
(b) 25 ~ C - -  02 very high +120  --220 +150  0.160 32 
(c) 75 ~ C - -  N 2 --60 +100  - 4 3 0  --100 0-048 50 
(d) 75 ~ C - -  O 2 very high - 4 2 0  --100 0.650 60 

2. FeC12 

(a) 25 ~ C - -  N 2 very high + 115 --200 + 100 0.130 17 
(b) 25 ~ C - -  02 very high +100  --il00 +100  0,450 16 
(c) 7 5 ~  N 2 very high very high - 4 0 0  0 0.500 28 
(d) 75 ~ C - -  O~ very high very high - -130 9* 4 ,500 ?* 

3. FeC13 

(a) 25 ~ C - -  N 2 very high very high +400  +500  2.90 6 
(b) 25 ~ C - -  O~ very high very high +450  +450  5-00 8 
(c) 75 ~ C --  N 2 very high very high +350  +500  5.60 34 
(d) 75 ~ C -  O: very high very high +315  +500  5,60 38 

* Critical potential  cannot  be determined with satisfactory precision. 
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Fig. 5. Potentiokinetic polarization curves of nickel-copper sulphide in stirred 1 N FeC13 solutions. 

IO00 

rent density), and the dissolution and anodic 
limiting current densities are given in Table 1. 

In hydrochloric acid solutions free of oxygen 
(nitrogen-saturated solutions), nickel-copper sul- 
phide exhibits Tafel behaviour (Fig. 3, Table 1). 
The cathodic and anodic Tafel slopes are - 7 5  mV 
decade -1 and + 105 mV decade -1 , respectively. 
At 75 ~ C, these slopes do not vary significantly. 
The presence of oxygen results in higher Tafel 
slopes, indicating that the dissolution is under 
mixed control of charge-transfer and mass-transfer 
(diffusion). The rest potential ( -325 mV) as well 
as the critical potential (+100 mV) at 25 ~ C be- 
comes more active at 75 ~ C, and more noble with 
oxygen at 25 ~ C. These potentials are not influ- 
enced by oxygen at 75 ~ C. The cathodic curves 
showed an early depolarization and subsequent 
overpolarization by oxygen. The overpolarization 
may be due to slow product removal from the 
electrode surface. The anodic part is unaffected by 
oxygen. The dissolution and critical current den- 
sities are increased by an increase in temperature. 
Oxygen seems to be more effective at 25 ~ C than 
at 75 ~ C. At a later stage in this paper, the rates 
estimated from the polarization curves will be 
compared with the measured dissolution rates of 
copper-nickel sulphide in hydrochloric acid, 
ferrous, and ferric chloride solutions. 

In ferrous chloride solutions, the anodic Tafel 
slopes in oxygen-free and oxygen-containing 

solutions are more or less the same as those in the 
hydrochloric acid solutions (Table 1). The high 
Tafel slopes and flat polarization curves under 
other conditions signify the diffusion-controlled 
dissolution. Cathodic polarization curves exhibit 
relatively larger depolarization in presence of 
oxygen (Fig. 4) than the anodic branch. At 75 ~ C, 
the anodic polarization curves exhibit initial 
depolarization up to +500 mV. The temperature 
and oxygen changed the potentials and current 
densities in the same direction as in the hydro- 
chloric acid solutions. The flat polarization 
curves in ferric chloride solutions lead to conclu- 
sions similar to those for ferrous chloride solu- 
tions (Fig. 5). The influence of oxygen on the 
cathodic and anodic polarization curves is less 
significant when compared to those in ferrous 
chloride solutions. The potentials and current 
densities are at a maximum in ferric chloride 
solutions. Based on the dissolution current den- 
sities (Table 1), the relative aggressiveness with 
open circuit can be arranged in the following 
sequence: 

Fe a+ > Fe z+ > H + . 

Throughout these experiments, the chloride ion 
concentration was kept constant. It is assumed 
that the sulphate ion addition, as sulphuric acid, 
to keep the pH constant does not have signifi- 
cant effect on the above conclusions. 
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Fig. 7. Dissolution of copper from nickel-copper sulphide 
versus time curves in stirred solutions of 1 N FeC12 and 
1 N FeC13 . 

3.2. Dissolution rates 

The changes in nickel and copper concentration 
in the solution with time, i.e., concentration 
(g 1-1)-time curves (Figs. 6 and 7) are related to 
the dissolution rates o f  the nickel copper sulphide 
(74% Ni-4% Cu-20% S). The relative positions 
o f  these curves determine the solution aggressive- 
ness (HC1 versus FeCI2 versus Feel3)  as a function 
of  dissolved oxygen, temperature and applied 
potential (+400 mV). The dissolution of  iron 
(0"5%) and cobalt (0-6%) from the sulphide was 
not followed due to their presence in the solution 
in only trace amounts (beyond analytical limits). 
Further, the changes in copper concentration in 
the solution with time at constant potential 
(+400 mV) were excluded because part o f  the 
dissolved copper was plating out on the graphite 
counterelect rode. 

In hydrochloric acid solutions, at 25 ~ C, the 
amounts of  nickel and copper formed were ex- 
tremely low, thus corresponding to the low 
dissolution rates of  sulphides (Figs. 6 and 7). At 
75 ~ C, the addition o f  oxygen to saturation 
increased the rates with open circuit, as well as 
at an applied potential of  +400 mV. In the 1 N 
ferrous chloride and ferric chloride solutions, the 
rates were not increased significantly by oxygen 
at 25 ~ C. The relative increase in rate by oxygen 
was highest in ferrous chloride solutions. At 
constant potential, the presence of  oxygen did 
not change the dissolutionl rates significantly. 
An oxygenated ferric chloride solution was the 
most aggressive medium to dissolve the sulphide 
with open circuit, whereas oxygenated hydro- 
chloric acid solution was most aggressive at 
+400 mV. The following sequence o f  aggressive- 
ness can be set up with open circuit and at 
constant potential: 
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Table 2. Nickel and copper build-up rates with time (from Figs. 6 and 7) using 1 N stirred 
solutions 

Solution Nickel build.up Copper b uild-up 
and rate (rag h-1 cm-2) rate (mg h -~ cm-~) 
conditions 

1 min 1 h 4 h 1 min 1 h 4 h 

HC1 
75 ~ C - -  02 - 2-5 
75 ~ C -- N 2 +400 mV 343.0 56.0 
75 ~ C -- O 2 +400 mV 445-0 76.0 

FeC12 
25 ~ C - -  N 2, 0 2  - 3" 1 

75 ~ C - -  N 2 - 23"0 
75 ~ C -- N z +400 mV 458.0 69.0 
75 ~ C -- 02 +400 mV 374.0 64-0 

FeC13 
25 ~ C -- N 2 191.0 34.3 
25 ~ C -- 02 229"0 32"0 
75 ~ C -- N 2 333.0 52.0 
75" C -- O2 336"0 85"2 
75 ~ C -- N 2 +400 mV 347-0 55.0 
75 ~ C -- 02 +400 mV 260 37-0 

2 - 5  - - m 

40.0 - - - 
60.0 - - - 

0.8 - negligible 
30.2 - 2.8 2.3 
39.0 - - - 
39.4 - - - 

15.0 23.0 2.3 1.1 
14.0 27-0 1.7 1-0 
45.0 32.0 2.7 1.4 
61.3 29.0 2-4 2.9 
40.1 - - - 
39.4 - - - 

open  c i rcui t :  Fe  3* ( 0 2 )  > Fe z* (O2)  

> H + (O2)  

c o n s t a n t  po ten t i a l :  H §  Fe 2+ ( 0 2 ,  N2)  

> Fe 3§ ( 0 2 ,  N 2 ) .  

The observed  aggressiveness p a t t e r n  on  open-  

circui t  d i s so lu t ion  is the  same as t h a t  p red ic t ed  

f r o m  p o t e n t i o k i n e t i c  po l a r i za t i on  curves.  F r o m  

Figs. 6 and  7, the  i n s t a n t a n e o u s  n icke l  and  coppe r  

bu i ld  up  rates  in  1 N so lu t ions  o f  h y d r o c h l o r i c  

acid,  fe r rous  ch lor ide  and  ferr ic  ch lor ide  are calcu- 

la ted  at 1 ra in ,  1 h and  4 h in tervals  and  given in  

Table  2. In general ,  the  n icke l  and  c o p p e r  bu i ld-up  

ra tes  decreased  w i t h  t ime ,  co r r e spond ing  to  the  

decreas ing su lph ide  d i s so lu t ion  rates  w i t h  t ime .  A 

reverse e f fec t  was observed  for  t he  o p e n  circui t  

d i s so lu t ion  in oxygen - s a t u r a t ed  fer rous  chlor ide  

so lu t ions  at 75 ~ C. 
To a c c o u n t  for  t he  sharp  increase  in rates  in  

o x y g e n a t e d  fe r rous  ch lor ide  so lu t ions  at 75 ~ C, t he  

ferr ic  ion  was t i t r a t e d  (10  m l  sample)  against  a 

s t anda rd  so lu t ion  o f  t he  d i sod ium salt  o f  e thy l ene  

d i ammine  t e t r aace t i c  acid us ing sulphosal icyf ic  

acid as ind ica to r .  Fig. 8 shows t h a t  the  f o r m a t i o n  

o f  ferric ion  was qu i te  rapid  in  oxygen - s a t u r a t ed  

so lu t ions  in  c o m p a r i s o n  to  t h a t  in  t he  n i t rogen-  

sa tu ra ted  (oxygen- f ree )  so lu t ions .  At  cons t an t  

po ten t i a l ,  t he re  was a slight r e t a r d a t i o n  o f  t he  

f o r m a t i o n  of  ferr ic  ion  in o x y g e n a t e d  so lu t ion .  

Thus ,  in  t he  p resence  o f  oxygen ,  2.2 g 1 -I  o f  ferr ic  

o =75*C Nz-OPEN CIRCUIT 

�9 =75~ N z -  + 4 0 0 m V v s S . C . E .  / ~  

/ e, =75~C O2-OPEN CIRCUIT 

= o - . . 
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u_ 

g 
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0 
I 2 3 4 5 

TtME,h 

Fig. 8. Build-up of Fe 3+ in 1 N FeCI 2 solutions with time. 
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ion was formed during the one hour thermostating 
and this was sufficient to enhance the dissolution 
rate of sulphide. With time, the rate increases 
further, as the amount of  ferric ion in solution 
increases to a final value of 9 g 1-1 . 

The phenomenon of preferential dissolution 
can be viewed by comparing the nickel to nickel 
plus copper percentages in the solid to those in 
solution (Table 2, Fig. 9). The percentage of 
nickel-nickel plus copper in the solid is 95%. Dur- 
ing the one minute interval, the nickel percentages 
in solution (80-90%) corresponded to the prefer- 
ential dissolution of copper from the Cut.96 S and 
Ni-Cu alloy phases in ferrous and ferric chloride 
solutions. At higher durations, the nickel percen- 
tage in solution is almost the same as that in the 
solid, thus suggesting that the preferential dissol- 
ution of copper from its corresponding phases is 
negligible. 

3.3. Potential-time and current-time curves 

solution (final potential -- initial potential = 550 
mV). A noble shift in potential is due to the 
formation of ferric ion (see Fig. 8). In ferric 
chloride solutions, too, the potential increased 
sharply during the first hour and then became 
more or less steady. The potential changes with 
time were insignificant in hydrochloric acid 
solutions. In the case of  hydrochloric acid 
solutions, the dissolution potentials obtained 
from potential-time curves (Fig. 10) and the 
potentials determined from potentiokinetic 
polarization curves are in excellent agreement. 
The lack of agreement in ferrous and ferric 
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chloride solutions may be due to the fact that 
longer durations were required for the dis- 
solution potentials to reach a steady-state value. 

The current-time curves of the sulphide 
electrode dissolving at an anodic potential of 
+400 mV versus SCE in 1 N HC1, 1 N FeC12, and 
1 N FeC13 solutions at 75 ~ C with and without 
oxygen are shown in Fig. 11. At tiffs potential 
the anodic currents, which were decreasing with 
time, were maximum (iin~ial = 260 mA, ifinal = 
56 mA) in hydrochloric acid solutions. The mini- 
mum transient occurred in ferric chloride solu- 
tions. The currents shifted to cathodic values 
in ferric chloride solutions after 2 h due to the 
applied potential being close to the dissolution 
potential with open circuit (425-450 mV, see 
Fig. 10). The current-time curves for sulphides 
in nitrogen-saturated hydrochloric acid and fer- 
rous chloride solutions lie between the current- 
time curves for sulphide in oxygenated hydro- 
chloric acid solutions and ferric chloride solutions. 
A decaying anodic transient signifies a rapid 
decline of the rates with time, as observed in 
Table 2. 

3.4. Morphology and crystal structure changes 

The photomicrographs of nickel-copper sulphide 
after its 4 h immersion in 1 N HC1, 1 N FeC12, and 
1 N FeC13 solutions either with open circuit or 
at constant potential revealed the following unique 
pattern with respect to the attacked specimens: 

(a) severe grain-boundary dissolution; 

(b) pitting; 
(c) dissolution of CUl.96 S and Ni-Cu alloy 

(bluish-grey rounded phase and white platelets in 
Fig. la); and 

(d) relatively less intense attack on the matrix. 
The above features are illustrated by a typical 
photomicrograph (Fig. 12). 

A typical X-ray diffraction pattern (Fig. 13) of 
the sulphide exposed to oxygenated ferric chloride 
solution at 75 ~ C for two hours showed the form- 
ation of the/3-NiS (millerite) phase. The formation 
of ~-NiS is due to the dissolution of nickel from 
the Ni3S2 (heazlewoodite) phase and consequent 
change in nickel-to-sulphur ratio from 3:2 to 1 : 1. 
The disappearance of the C U l . 9 6  S and Ni-Cu 
alloy lines correlate with the observations in the 
photomicrograph. The formation of/3-NiS as an 
intermediate is in accordance with the observations 
of Umetsu and Kurihara [9] and Sinev [18] during 
the leaching of sulphide in sulphate, chloride and 
hydrochloric acid solutions, and the observations 
while leaching nickel concentrates in ferrous 
chloride solutions [17]. 

4. Discussion 

4.1. Potentiokinetic polarization curves 

When a nickel-copper sulphide containing Ni3S2, 
CUl.96 S (approximately Cu2S) and Ni-Cu alloy 
(Figs. la, lb and 12) is subjected to cathodic and 
anodic polarization, the following cathodic and 
anodic reactions are expected to occur in hydro- 
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Fig. 11. Current-time curves for nickel-copper sulphide in stirred solutions of 1 N HC1, 1 N FeC12 and 1 N FeC13 . 
Potential = +400 mV versus SCE. 
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Fig. 12. Photomicrograph of attacked 
sulphide. FeC13 1 N, 75 ~ C, 2 h (X 188). 

chloric acid, ferrous chloride (when it contains 
ferric ion) and ferric chloride solutions: 

Cathodic ( Ni3S2 + 6H § + 6e 

t 02 + 4H + + 4e 
reactions 

Fe 3§ + e 

- 3Ni + 2H2S + H2 

, 2 H 2 0  E~ = + 1"253 

Fe 2+ 

(no oxygen) (1) 

(oxygen present) (2) 

(Fe 3§ ion present) (3) 

Anodic 

reactions 

NisSz 

fi-NiS .... 

S O + 4H20 . . . . .  

Ni-Cu alloy -_- 

CusS 

Fe 2§ 02, temp. 

�9 Ni 2+ + 2fl-NiS + 2e 

Ni z+ + S O + 2e 

SOl- + 8H + + 6e 

Ni 2+ + Cu 2+ + xe 

Cu 2+ + S O + 4e 

Fe 3. + e 

The standard electrode potentials for Reactions 
2, 3, 6, 8 and 9 are taken from the literature [19- 
21]. The standard electrode potentials for the 
other reactions are calculated on the basis of the 
values for free energy of formation of Ni3S2 [22] 
(-- 41.0 kcal mo1-1 ), and/3-NiS [23] (-- 20"5 kcal 
tool -1 ) reported in the literature. In the oxygen- 
free hydrochloric acid solutions, the observed 
cathodic Tafel slopes of --75 mV (25 ~ C) and - 6 0  
mV (75 ~ C) may probably fit into the three- 
electron transfer reaction of total hydrogen sul- 
phide (and hydrogen) evolution reaction given 
by Equation 1. When a = 0.5, this Tafel slope will 
be (2 x 2-303 RT)/(0.5 x nF) (n = 3) or 40 mV 
decade -1 . The observed cathodic Tafel slope is 
higher than the expected value. Likewise, the 

E~ = +253 mVH (4) 

E~ = --197 mVH (5) 

E~ = --357 mVri (6) 

E~ = +250 mVri (7) 

= - 5 6 0  (8)  

E~ = --770 mVri. (9) 

4.2. Dissolution rates 

It is demonstrated by the present investigation that 

anodic Tafel slope of 112 mV decade -~ in hydro- 
chloric acid and ferrous chloride solutions is quite 
high. It is not unusual to observe high cathodic 
and anodic Tafel slopes with the semi-conducting 
nickel sulphide since such a response is quite 
characteristic of the semi-conducting electrode 
reactions. Possible contributing factors to this 
type ofbehaviour are: (i) diffusion control at the 
sulphide-solution interface or in the bulk electro- 
lyte when oxygen and ferric ions are present, and 
(ii) impurities on the electrode surface ('probably 
adsorbed). 
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an o x y g e n a t e d  ferric ch lor ide  so lu t ion  was m o s t  

aggressive for  the  d i s so lu t ion  o f  the  su lphide  w i t h  

o p e n  ci rcui t .  On  t he  o t h e r  h a n d ,  at  c o n s t a n t  

po ten t i a l ,  an o x y g e n a t e d  h y d r o c h l o r i c  acid solu- 

t ion  was mos t  aggressive w i t h  the  presence  o f  

oxygen  lower ing  t he  rates  in  fe r rous  and  ferr ic  

ch lor ide  so lu t ions .  This  m a y  be  due to the  oxygen  

and  ferric ion  synergist icaUy causing par t ia l  

passivi ty b y  the  f o r m a t i o n  o f  oxide  fi lms. This  

suppos i t i on  needs  f u r t h e r  e x p e r i m e n t a l  suppor t .  

Table 3. Comparison between the nickel dissolution rates calculated from the potentiokinetic data 
and those observed using stirred 1 N solutions 

Solution and idiss Expected rate Observed rate 
condition from PKPC* (rag cm- 2 h- 1 ) (rag cm- 2 h- 1 ) 

(mA cm -2 ) 

HC1 
(a) 25 ~ C (02, N 2 ) and 75 ~ C (N 2 ) 0-006--0.068 0.006-0-71 beyond analysis 
(b) 75 ~ C (02) 0.65 0.68 2.5 

FeC12 
(a) 25 ~ C (N2, O2) 0.13, 0.45 0.14, 0.47 beyond analysis 
(b) 75 ~ C -- N~ 0.50 0-52 3.1 
(c) 75 ~ C -- O 2 4.50 4.68 23-0 

FeC13 
(a) 25 ~ C -- N 2 2-90 3.1 34.3 
(b) 25 ~ C -- O~ 5-00 5.2 32.0 
(c) 75 ~ C -- N 2 5.60 5.8 52-0 
(d) 75 ~ C -- 02 5.60 5.8 85-2 

* Potentiokinetic polarization curves 
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Sinev et al. [18], during their dissolution studies 
with the heazelwoodite (NiaS2) phase in hydro- 
chloric acid solutions, have conclusively pointed 
out that the decline in dissolution rates was 
associated with the formation of fl-NiS. A similar 
explanation will account for the decrease in rates 
(with open circuit as well as at constant potential) 
because of the formation offl-NiS. 

The chemical dissolution of sulphide by ferric 
ion and oxygen was proved by (a) comparing the 
nickel dissolution rates (nag cm -2 h -x ) with open 
circuit to those calculated from the dissolution 
current densities (Table 1, Figs. 3-5); and (b) by 
integrating the current-time curves (Fig. 11) and 
comparing the charge-nickel concentration curves 
with the calculated curves (Fig. 14). In both cases 
the following approximations were made: 

(a) dissolution of nickel by the overall reaction 

Ni3S2 -* 3Ni 2§ + 2S ~ + 6e, and 

(Ni-Cu) ~ Ni 2+ + 2e, proceed at the same 
rate; 

and 
(b) 95% of each coulomb passed goes to dissolve 

the combined Ni3S2 and Ni phases (1 C = 
0.304 mg of Ni2+). 

Since the rate in Fig. 9 indicates a negligible initial 
preferential dissolution of copper, the second as- 
sumption is a reasonable one. Such assumptions 
have to be made in the absence of information on 
sulph/de-sulphur oxidation kinetics. Table 3 shows 
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5'o ~6o ,~o 260 
AMOUNT OF CHARGE PASSED, COULOMBS 

Fig. 14. Quantity of current-nickel concentration curves. 
Potential = +400 mV versus SCE. 

that the measured open circuit dissolution rates 
were higher by a factor of at least 10. So also, in 
Fig. 14, the experimental concentration-charge 
curves are above the calculated curves. These two 
features clearly confirm the chemical dissolution 
by ferric ion. Detailed experiments with pure sul- 
phide phases are needed to separate the electro- 
chemical and non-electrochemical kinetic steps 
involved during the sulphide dissolution in Fea§ - 
containing solutions. 

4.3. Dissolution potentials 

The measured dissolution potentials as functions of 
the solution type (HCt, FeC12, and FeC13), oxygen, 
temperature and time were in the range -188  mVH 
(HC1-N2 at 75 ~ C)-218 mV a. The standard poten: 
tials for Reactions 1-9 at 75 ~ C are bound to be 
different from those given above for 25 ~ C, due to 
the variations in the standard entropies and partial 
molal heat capacities of the ions. However, the 
changes in standard potential due to increases in 
temperature cannot possibly alter the potential 
limits of the reactions. Thus, in the above interval 
of potentials, Ni 2§ ions, Cu 2§ ions and ~-NiS are 
expected to be the stable species. The potential- 
determining reactions with the Ni3S2 phase are as 
follows: 
(a) HCI solutions without oxygen: 

NiaS2 + 2H § ~ 2fl-NiS + Ni 2§ + H2 (10) 

(b) Solutions containing oxygen: 

Ni3S2 + t/202 + H20 ~ 2fl-NiS + Ni 2§ + 2OH- 

(11) 
(c) Solutions containing ferric ion: 

NiaSz + 2Fe 3+-~ 2/3-NiS + Ni 2+ + 2Fe z+. (12) 

The standard potentials for these reactions vary 
between 253---1000 mVn at 25 ~ C. Similar react- 
ions can also be established for the Ni-Cu alloy 
and Cul.96S phases. 

4.4. Significance of  the results 

If it is possible to develop exotic materials of 
construction to handle the potentially corrosive 
leaching media, the hydrochloric acid and ferric 
chloride solutions offer themselves as suitable 
choices for leaching and/or electrooxidation of 
the nickel sulphide converter matte anode. For 
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instances where pure nickel production is o f  
primary concern, oxygenated hydrochloric acid 
solutions at controlled electrochemical con- 
ditions, i.e., current corresponding to a potential 
where substantial anodic slimes, which lower the 
rates, are not produced, are suitable. On the 
other hand, if the production of  ferronickel is 
the primary concern, then ferrous-ferric chloride 
mixtures or ferric chloride solutions with open 
circuit are suitable choices. Otherwise, an elimi- 
nation o f  iron from the solution by precipitation 
and liquid solid separation is quite tedious. 

Conclusions 

The following conclusions were reached: 
(a) Oxygenated ferric chloride and hydrochloric 
acid solutions were found suitable to dissolve the 
nickel-copper sulphide matte anode with open 
circuit and constant potential, respectively. 
(b) In the case o f  ferrous chloride solutions, in 
the presence of  oxygen, the acceleration of  the 
dissolution rate can be attributed to the formation 
of  ferric ion. 
(c) The potentiokinetic curves, metal dissolution- 
time curves and current-t ime curves signify the 
existence of  diffusion-controlled reactions during 
the dissolution of  sulphide in these media. 
(d) The photomicrographs are suggestive of  
grain-boundary attack, pitting attack and selective 
attack on the Cu196 and Ni-Cu alloy phases, 
and a less severe attack on the Ni3S2 phase. 
(e) The X-ray diffraction pattern detected the 
presence o f  NiS formed by the partial reaction: 
Ni3S2 ~ Ni 2+ + 2/3-NiS + 2e. 
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