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SYNOPSIS
A study was made of the kinetics in the leaching of nickel from pentlandite in dilute-acidic ferric sulphate solutions

as a basis for subsequent studies on bacterial leaching. The chemical leaching rate was found to be highly dependent
on the temperature and the concentration of ferric ions. The proposed mechanism for the leaching process is one
involving rate control by chemical processes and mass transport. Good agreement was found between the experi-
mental data and the proposed mechanism.

SAMEVATTING

Daar is 'n studie gemaak van die kinetika in die uitloging van nikkel uit pentlandiet in verdunde suur ferrisulfaat-
oplossings as 'n basis vir later studies in verband met bakteriese uitloging. Daar is gevind dat die tempo van die
chemiese uitloging in 'n baie hoe mate afhang van die temperatuur en die konsentrasie van die ferri-ione. Die voor-
gestelde meganisme vir die uitloogproses is een wat tern peratuurkontrole deur chemiese prosesse en massaoordrag
behels. Daar is gevind dat die eksperimentele data goed met die voorgestelde meganisme ooreenkom.

INTRODUCTION

A previous paper! gave an account
of the theory and various applica-
tions of bacterial-leaching techno-
logy, as well as reporting a study
carried out as the University of
New South Wales on the mechan-
isms involved in the bacterial leach-
ing of a number of copper sulphides2.
Indeed, at present by far the major
portion of the theoretical and prac-
tical expertise available in the field
of bacterial leaching is based on the
treatment of copper and, to a lesser
extent, zinc sulphides. Little
information is available on the
bacterial leaching of nickel sul-
phides, and a need for this informa-
tion recently became clear as a
result of growing interest in South.
ern Africa, West Australia3, and
possibly elsewhere.

This need has been accentuated
by the developing exploitation of
nickel deposits in thme localities,
where the large waste dumps could
perhaps yield some revenue (as in
the case of copper) from the use of
a treatment method such as bacterial
leaching. It is rather surprising
that so little information on nickel
leaching under bacterial dump-
leaching conditions has been pub-
lished. One reason for this could
well be that low ambient tempera-
tures in places like Canada, where
one would expect a keen interest in
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nickel leaching, render bacterial
dump-leaching unpractical.

A research programme has been
conducted over the past few years
with the aim of extending part of
the knowledge of the bacterial
leaching of copper and zinc sulphides
into the leaching of niekel sulphide.
A part of this programme is dis-
cussed in the present paper. It is
sincerely hoped that this work will
provide some useful practical in-
formation and stimulate further
interest in the field of bacterial
dump leaching, particularly in base-
metal mining in Southern Africa.

The research programme was
divided into two phases. Phase 1
dealt with the chemical leaching of
nickel from a sulphide ore in a
dump-leaching environment and is
described in the present paper.
Chemical leaching was studied both
to provide information on its use
as a separate process and to serve
as a basis for comparison with the
subsequent investigation of bacterial
leaching. Phase 2 (published separ-
ately) was a bacterial leaching study
of a nickel sulphide ore. For the
sake of completeness, the broad
overall conclusions of phase 2 are
presented in the Addendum to
the present paper.

NICKEL LEACHING

Nickel sulphides are leached on a
commercial scale in a large number
of localities. The Sherritt-Gordon
process4 involves the leaching of a
concentrate of nickel and cobalt
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sulphides in ammoniacal solution.
Other processes for the leaching
of mixed nickel sulphides in acid
solution, which are discussed in
most texts on hydrometallurgy5, 6,
use high temperature-pressure (auto-
clave) conditions.

The chemical reactions by which
pentlandite dissolves in acidic ferric
sulphate solutions are complex, and
little work on the subject has been
reported in the literature. Klets
et al.7 showed that, during the
leaching of a pentlandite-pyrrhotite
mixture with ferric chloride
solutions, elemental sulphur was
formed in the surface layers. Phases
such as millerite (NiS), beyrichite
(NiS), and troilite (FeS) were also
formed, and jarosite [KFe3 (S04)2
(OH)6] was precipitated from solu-
tion at low acid concentrations.
Shneerson et al. 8, in a study of the
autoclave leaching of pentlandite
under oxygen pressure, found the
activation energy to be 14 kcaljmol
and the order with re3pect to oxygen
pressure to be t. Millerite was
formed as an intermediate phase.
The interpretation of the3e results
is complicated by the fact that the
stoichiometry of the pentlandite
was not known or is not given.

MATERIALS, METHODS, AND
EQUIPMENT

Preparation of Sulphide Minerals

A high-purity pentlandite was
prepared from Shangani flotation
concentrates, the composition of
which is shown in Table lA. (The
Shangani nickel deposit is near
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Ni Fe Cu S

18,27 37,03 1,5 33,7

Talc Dolomite
I

Chlorite

5 Trace
I

Trace

Fe Ni Cu S

32,3 30,6 0,5 34,3

Pentlandite Pyrite Chalcopyrite
I

Gangue
I

90,0 6,1 1,5

I

2,4

+35

I

-35+48 -48+65 -65+100 -100+150 -150+200 -200+325 -325

0 0 0,1 2,7 8,3 19,1 32,4 37,4
!

Bulawayo, Rhodesia.) These flota-
tion concentrates were first passed
over a laboratory-size gravity-
concentration table (Wilfley table) to
remove most of the residual gangue
and yield a sulphide-rich fraction.

This fraction was then passed
through a wet magnetic separator
(Sala laboratory model) to remove
the magnetic pyrrhotite (FeS) frac-
tion. Finally, the material was
floated at pH 5 to remove some of

the residual pyrite (FeS2)' The
composition of the final pentlandite
concentrate is shown in Table lE.
This material was found to be about
90 per cent pentlandite (NiFeSl,8)'
with about 6,1 per cent pyrite.

TABLE I

DETAILS OF PENTLANDITE CONCENTRATES

A. Low-grade Concentrate
Chemical assay:

Total %

Mineralogical (X-ray diffractometric analysis):

I
d

'
Pentlan Ite

Approx,

% 60

Pyrrhotite Pyrite

20 10

Calculated mineralogical composition:

I

Pentlandite

I

Pyrrhotite Pyrite Chalcopyrite Gangue

----
% 55,5 19,8 1I,6 4,4 8,7

B. High-grade Concentrate
Chemical assay:

Total %

Mineralogical (X-ray diffractometric analysis):

I

Pentlandite

1-

Major

Pyrite Chalcopyrite Talc

Minor Trace Trace

Calculated mineralogical composition:

%

Screen analysis (mesh size):

%
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0 1

FeH, M 0,01 0,25
pO" % I 100
Temperature, °C 30 80
H+,M 2 X 10-' 2,0
Agitation rate,

r/min 0 400

EXPERIMENTAL METHODS

Leaching

The prepared pentlandite was
screened to between 200 and 325
mesh, and just prior to use was
washed in lM H2SO4 for 5 minutes
and dried with acetone to remove
the surface oxide layer. (This pro-
cedure, by eliminating the initial
rapid release of surface nickel oxide
into solution, was found to result
in a more reliable leaching curve.)
The pentlandite was leached in
250 ml conical flasks containing
150 ml of the appropriate leaching
solution and 15 g of the mineral, the
mineral being mixed as a 10 per
cent slurry in the leaching solution.
Samples of 1 ml were taken from
the flasks at regular intervals and,
after filtering, the nickel concentra-
tion was measured by atomic-
absorption spectrophotometry. Five
samples were usually taken
over four hours but, where the
leaching rates were very low, samp-
ling was extended over a period of
twenty-four hours. The curves of
concentration versus time were linear
(within limits of experimental
errors), and the slopes of these
lines, representing initial leaching
rates of nickel, were computed
using a linear regression programme
based on a least-squares fit. Each
test was done in triplicate and, if
more than 20 per cent variance was
obtained between two of the calcu-
lated rates, the test was repeated.

Mineralogical Examination
Sintered discs of pentlandite con-

centrates and mounted polished
specimens of the mineral were ex-
amined after leaching both by
optical techniques and with a JEOL
model JXA 3SM electron micro-
probe analyser. Useful information
on the mineralogical and chemical
transformations during leaching were
obtained with these techniques.

Chemical Assays
The leach liquors were assayed

on a routine basis with a Techtron
model AA5 atomic-absorption ana-
lyser. Other methods included classic-
al wet methods and instrumental
techniques.

Mineralogical Assays
The services of the Mineralogical

Section of the Johannesburg Con-

solidated Investment Co. Processing
Research Laboratory were employed.
The techniques included classical
optical methods, X-ray diffracto-
metric analysis, and electron-micro-
probe analysis.

RESULTS AND DISCUSSION

Factorial Leaching Experiment
The following are considered to

be the most important physico-
chemical parameters involved in
the chemistry of heap leaching9-n:
(a) Concentration of ferric ions

(Fe3+),) M
(b) Concentration of oxygen (pO2)'

%
(c) Temperature, DC
(d) Concentration of hydrogen ions,

(H+), M
(e) Mass transport, Le., rate of

stirrer rotation, W, rJmin.
These are not all easily controllable
in a heap-leaching operation, but a
knowledge of their effect on the
leaching rate contributes to an
overall picture of the process. There
are other factors involved, but these
are outside the scope of this initial
investigation, which was aimed at
providing a background to the
studies on bacterial leaching.

A 25 factorial experiment was
carried out to show the effects and
interactions of the above five factors
on the leaching of nickel from
pentlandite in acidic ferric sulphate
solutions. This was followed by a
conventional kinetic investigation of
the process.

The values chosen for each factor
are shown in Table Il, and the
complete factorial design of the 25
experiment, together with the
results, is shown in Table Ill.

TABLE II
VALUES OF FACTORS TESTED

Level
Factor

The measured rates of nickel
leaching (shown in Table Ill) were
processed according to the method
described by Mendelowitz12 to give
the average effect for each factor and
combination of factors.
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The results of the factorial experi-
ment can be summed up as follows.
(1) The temperature increase from

30 to 80 DC has the greatest

average positive effect on the
leaching rate. The average in-
crease in the leaching rate
due to this increase in tempera-
ture was 113,88 p.p.m. of Ni2+
per hour.

(2) The average effect of an increase
in the concentration of ferric
ions from 0,01 to 0,25 M was
an increase of 95,98 p.p.m. of
Ni2+ per hour. This is approxi-
mately the same as the average
combined effect of the increased
ferric-ion concentration and the
increased temperature, viz,
84,42 p.p.m. of Ni2+ per hour.

(3) Other factors and combinations
showing less significant average
effects are

(i) pO2
(ii) W

(iii) pO2 and W
(iv) pO2 and temperature.

(4) A surprising result is the
negative average effect of (H+)
in the range tested.

(5) The leaching rate is optimized
under the conditions of test
24, i.e., high levels of all the
factors excepting (H +). The
relative importance of the
factors is as follows:

(i) temperature positive
(ii) (Fe3+) positive

(iii) pO2 positive
(iv) W positive
(v) (H +) negative.

(6) All the combinations with (H+)
have negative average effects.
All the other combinations have
positive average effects.

Kinetic Leaching Experiment
It is well established that the

leaching rates of most sulphides in
acidic ferric sulphate solutions are
controlled by the cathodic reactions
of the electrochemical couples13.
This appears to be true also for
pentlandite, especially considering
the large increases in leaching rate
obtained with ozone as described
later. In the present leaching experi-
ments, two electron acceptors were
available, viz, oxygen and ferric
ions, so that the overall rate is
probably composed of two separate
rates:
Roverall=Rl+R2 . . . . (1)
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TABLE III

DESIGN AND RESULTS OF FACTORIAL EXPERIMENT

I

Leaching

I

rate
~~~~~.p.rn./h

0 0 0 0 0
0 0 0 0 0,80
1 0 0 0 2,77
1 0 0 0 6,32
0 1 0 0 0
0 1 0 0 130,04
1 1 0 0 8,29
1 1 0 0 207,03
0 0 1 0 4,25
0 0 1 0 3,17
1 0 1 i 0 8,20
1 0 1 i 0 4,10
0 1 l' 0 29,50
0 1 1 0 126,65
1 1 1 0 9,89
1 1 1 0 134,18
0 0 0 1 0
0 0 0 1 1,19
1 0 0 1 23,29
1 0 0 1 22,44
0 1 0 1 0
0 1 0 1 135,95
1 1 0 1 116,93
1 1 0 1 537,26
0 0 1 1 3,02
0 0 1 1 4,29
1 0 1 1 18,77
1 0 1 1 20,05
0 1 1 1 15,50
0 1 1 1 131,10
1 1 1 1 110,85
1 1 1 1 251,94

Test No.

1
2
3
4
5
6
7
8
9

]0
11
]2
]3
]4
15
]6
]7
]8
]9
20
21
22
23
24
25
26
27
28
29
30
3]
32

0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
]

0
1
0
1
0
]

I 0
]

0
1
0
1

where
RI = rate due to cathodic ferric

reduction
R2=rate due to cathodic oxygen

reduction, i.e.,
Fe3++e=Fe2+ (2)

iO2+2H++2e=H2O (3).

Ingraham and his co-workers
studied the kinetics of leaching of a
variety of copper sulphides under
conditions similar to those used in
the present experiments. For
covellite (CuS), these investigators
found the activation energy of
lEaching to be 22 kcalfmol, indicat-
ing strong rate control by chemical
processes9. On the other hand, for
chalcocite (CU2S), they found the
activation energy of leaching to be
5 kcalfmol and the rate-controlling
step to be diffusion of reactant
through boundary layers into the
solid-liquid interfacelo. Chalcopyrite
was found to have an activation
energy of leaching of 14 kcalfmol, a
value lying between those for chemi.
cal processes and mass transport
as rate controlll. These workers
postulated that, in the leaching of
chalcopyrite, the mechanism in.
volves the diffusion of reactants
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0,80
9,09

130,04
2]5,32

7,42
12,30

156,15
144,07

],]9
45,73

135,95
654,]9

7,3]
38,82

146,60
362,79

0,80
3,55

130,04
198,74

1,08
4,10

97,li;
124,29

],]9
0,85

135,95
420,33

1,27
],28

115,60
141,09

9,89
345,36

19,72
300,22

46,92
790,]4

46,]3
509,39

4,:\5
328,78

5,18
221,44

0,34
556,28

2,55
256,69

8,29
85,28

4,88
-]2,08

44,54
518,24

31,5]
216,]9

2,75
68,70

3,02
27,]4

-2,04
284,38

0,0]
25,49

2 3

35525
3]9 94
837 06

I

555 52
333 13
22662
556 62
259 24

9357
-7 20
562 78
247 70

71 45
30 16

282 34
25 50

33547
28050
74322
46326
32443
21626
55594
254 14

7699
-16 96
473 70
18468

6595
24 12

28642
2548

through a film of surface sulphur.
This sulphur is formed as a result of
the leaching, and its thickness
increases continually. This explained
the parabolic nature of the kinetics
observed. The rate-limiting step is
the diffusion of ferric sulphate
through the layer of sulphur. At
high concentrations of ferric sul-
phate, the reverse diffusion of ferrous
sulphate is rate limiting. Agitation
was found to have no effect on the
leaching rate. In many respects the
process resembles pore diffusion in
catalyst particles.

In the present investigation, the
observed activation energy of nickel
leaching was 14,5 kcalfmol (Fig. 5) -
the same magnitude as observed by
Ingraham and his co- workers in
the leaching of chalcopyrite. How-
ever, it is not likely that the mechan-
isms are the same. In the leaching
of pentlandite, it was found that
the sulphur did not accumulate on
the mineral surface, but readily
detached and became suspended in
the leaching solution. The observed
kinetics were also linear. The value
of the activation energy would then
seem to indicate a 'mixed' mechan-

I

675 J:"!}I 2 067 77
1 392 58 1 375 6]

559 75 896 85
815 86 409 45

86 37 1 822 45
81048 ] 35077
101 6] 71841
307 84 40] 97
6]597 -31685

] 20648 -40389
540 69 -4]5 85
810 08 -298 ]3

60 03 -334 93
658 38 --40997

90 07 -382 97
311 90 --302 77

-35 31 7] 7 39
-28] 54 256 Il
-106 51 724 Il
-297 38 206 23
-]00 77 590 51
-3]5 08 269 39

-4] 29 598 35
-256 84 22] 83

-54 97 -246 23
-279 96 -190 87
-108 ]7 -2]4 31
-30] 80 -2]5 55

-93 95 -224 99
-289 02 -]93 63

-41 83 -195 07
-260 94 -219 Il

4 5 Effect

129,24
85,98
56,05
25,59

113,88
84,42
44,90
2],12

-]9,80
-25,24
-25,99
-]8,63
-20,93
-25,62
-23,94
-]8,92

44,84
16,0]
45,26
]2,89
36,9]
16,84
37,40
]3,86

-15,39
-11,93
-13,39
-]3,47
-14,06
-12,10
-12,19
-13,69

-~~~

ism in which both chemical processes
and mass-transport phenomena are
rate controlling.

This is consistent with the postu-
late that the overall rate comprises
two separate rates, since it is most
likely that the ferric reaction is
controlled by mass transport, while
the cathodic oxygen reduction is
controlled by chemical processeE'.
The former reaction is known to be
kinetic ally and thermodynamically
more favourable than is the oxygen-
reduction reaction in sulphide leach-
ing. (This is also consistent with the
results of the factorial experiment,
where it is shown that the concentra-
tion of ferric ions has a greater
positive effect on the leaching rate
than oxygen concentration has.)
In the rate expression, the concentra-
tion offerric ions and agitation would
be grouped together, as would the
concentrations of oxygen and hydro-
gen ions. Thus, the following rate
expression is proposed:

Roverall =KI (Fe3+)a W b

+K2 pO2C (H+)d (4),
where KI and K2 are rate constant.
Effect of Ferric Ions

When the effect of ferric ions on
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the leaching rate was measured, the
other parameters being kept con.
stant, the rate expression could be
reduced to the form

Roverall=K3' {Fe3+)u+K4'
where

K3=K1.Wb
W =200 r/min,

K4=K2'pO2c.{H+)d,
pO2=50 %,

{H+)=2 X 10-2 M.

A plot of log (Roverall-K4)
versus log (Fe3+) would have a
slope of a and an intercept equivalent
to K3' This is shown in Fig. I,
where K4 was obtained by extra-
polation to zero concentration on
the plot of Roverall versus (Fe3+).
K4 was found to be equal to 23
p.p.m./h, which represents the rate
of leaching when (Fe3+) =0,
pO2=50 %, and {H+)=2 X 1O-2M.

In Fig. I the data are compared
with a line of slope 1,0 and are
consistent with this line up to about
0,1 M Fe3+, after which the rate
appears to be independent of (Fe3+).
(At this point the reaction is prob-
ably controlled by the diffusion of
some other reactant or product.)
These data are discussed again later.

Effect of Agitation
Fig. 2 shows a plot of log

(Roverall-K4) versus log W, where
K4 was again taken to be
23 p.p.m./h. A line of slope 0,833
was drawn through the data for
purposes of the discussion later on,
the data being reasona,bly consistent
with this line. K4 was also estimated
from these data by means of a
linear plot of Roverall versus W
and was found to be 23 p.p.m./h,
which is in good agreement with the
previously measured value.

Effect of Oxygen
The rate expression was reduced to

Roverall=K6+K 7'pO2c,

where K6=K1' {Fe3+)u. W b, which is
equivalent to the rate of leaching
when pO2=0, {Fe3+)=0,125M, and
W =200 r/min.

K 7=K2 (H+)d.
A plot of log (Roverall-K6) versus
log pO2 would have a slope of c.
This is shown in Fig. 3. K6 was
obtained from the intercept of the
plot of Roverall versus pO2; K6 is
estimated to be 20 p.p.m./h from
this plot. The data in Fig. 3 are
compared with a line of slope 0,5.

Effect of Hydrogen Ions
A plot of log {Rover all - K6) versus

(H+) would have a slope equal to
d. The value of K6 measured pre-
viously was used since in practice
(H+) cannot be zero.

Fig. 4 gives the value of
d=O,l for pH 4 to pH 0,75

and d= -1,0 for pH 0,75 to
pH -0,75.

Effect of Temperature
The Arrhenius plot for the leaching

of pentlandite in acid ferric sulphate

1000

solution'! is shown in Fig. 5. From
the slope of this graph, the activation
energy was calculated to be
14,5 kcal/mol.
Leaching with Ozone

Large increa,;es in the leaching
rate of nickel were obtained when
ozonized oxygen was added to the
leaching solution. This action of
ozone supports the postulate that
cathodic reaction'! are rat3 limiting
under the condition'! of these experi-
ments14.

100

J::
E
d
Cl

~
t;
>

rr,°
10

1
2,8 30

~xlO-> "I(' .

..

Experimentalcbta .
Best fit
LogK =11,36-3,18x103

T

l:.H= 14,5Kcal/g mol

3,25

Fig. 5-Effect of temperature on the chemical leaching rate (Arrhenius plot)
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Mechanism of Chemical Leaching

Examinations of the leach residues
from the present experiments by
optical microscopy, X-ray dif-
fraction, and electron-microprobe
analysis showed that two inter-
mediate phases, pyrrhotite (in small
amounts) and elemental sulphur (in
stoichiometric amounts), are formed.
Jarosite is precipitated from solution
at pH values above 4,5. The
unleached pentlandite was covered
with a thin, loosely bound layer
containing pyrrhotite and sulphur.
The leached surface was cracked
and pitted, showing that dissolution
occurred preferentially at regions of
crystal imperfections and grain
boundaries. When a sintered disc
of pent1andite was electrolysed in
sulphuric acid solution at pH 3 for
24 hours by maintaining a voltage
of + 5V on the disc with respect to
a platinum electrode, the molar
ratio of nickel to iron dissolved
was 1,05 to 1. The disc was found
to be covered with a loose layer of
pyrrhotite and a small amount of
sulphur. Most of the sulphur de-
tached from the specimen and
reported as an amorphous suspension
in the solution.

Considered together, these results
suggest that pentlandite dissolves
in acidic solutions by an electro-
chemical mechanism with the follow-
ing sequence of anodic reactions (if
the stoichiometry of the pentlandite
is taken to be as shown) :

NiFeSI,S=NiH+FeSI,S+2e (5)
FeSI,S +Fe2++1,8So+2e (6).

DISCUSSION OF KINETIC
STUDIES

It was proposed earlier that the
rate of nickel leaching from pent-
landite follows a rate equation of
the form
Roveran+RI+R2' (1)
In this model, RI was considered

to represent the rate of leaching
due to the cathodic reduction of
ferric ions at the mineral surface
and was represented by the term

KI'(Fe3+)a'Wb.
It was postulated that the rate of
ferric leaching was controlled by
mass transport.

R2 was considered to represent
the rate of leaching due to the
cathodic reduction of oxygen at the
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mineral surface and was represented
by

K2'p02c. (H+)d.
In general terms, Fick's Law of
diffusion can be written

V'
dC

=k.A.(C-Ci)
dt

When applied to ferric ions, Ci=O
and C can be assumed constant
equal to (FeH), since the leaching
was followed for only a relatively
short time.

:. V
~~ =k A (FeH) (8)

i.e., RI a k A (FeH) . . . . (9)
Barker and Treybal15 have shown

that mass-transfer coefficients for
suspended solids dissolving in
agitated liquids vary as the speed
of stirrer rotation to the power 0,833,

i.e., k a WO,S33 (10)

:.R1 a (Fe3+) WO,S33. ... (11)
Schneerson et al,s, in a study on the
autoclave leaching of pentlandite,
have shown that the rate of leaching
is proportional to p02t.

The leaching of nickel from pent-
landite takes place according to the
following overall reaction when
oxygen is the terminal electron
acceptor:

NiFeSI, s+02+4H +=Ni2+ + FeH
+1,8S
+2H2O.
. . . . (12)

~ 100

a:a:r
Cl

'"~

'6t;
a:~

150

(7)

The following mechanism is proposed
as representing the individual steps
in this scheme. (For the sake of
simplicity, pentlandite is represented
as MS, where M represents the total
metallic portion. This is valid, as
nickel and iron were leached in
equivalent amounts.)

I
(rate controlling)

t (02)
d '

s~ (0)
dIS a s

MS+(O) ~MH+SO+(02-)
ads

fast
(02-)+2H+ > H2O.

d(MH) 2d(Ni2+) d(O)
Therefore,

dt - dt - dt ads

a (02)tdis
Le., R2 a p02 t. . . . . (13)

(dis = dissolved ads=adsorbed)
The mechanism of oxygen ad-

sorption is supported by the fact
that, when ozone was used in place
of oxygen (as discussed previously),
the leaching rates were higher. It
is probable that the atomic oxygen
derived from ozone is more rapidly
adsorbed onto the mineral surface,
i.e.,

fast
03~02+(0) d bda sor e .

. . . . . . . . (14)
Thus, the proposed model is

Roveran=KI (FeH) WO,S33

+K2 p02t(H+) °
. . . . . . . . (15)

Fig. 6-Comparison of experimental data and the proposed model
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This model was compared with
the experimental data in Figs. 1 to 4
by superimposing lines of the appro-
priate slope on the experimental
points. It is considered that the
model is consistent with the experi-
mental data. A comparison between
the experimental data and the
calculated data based on the model
is given in Fig. 6. Good agreement
between the model and the experi-
mental data was found for pH
values above 0,75.

CONCLUSION

It is proposed that, during the
leaching of pentlandite in acidic
ferric sulphate solutions, the overall
chemical leaching rate is represented
by two separate rates, one controlled
by mass transport and the other by
chemical processes. The mass-trans-
port mechanism is comistent with
the data of Barker and TreybaP5
when ferric ions are the diffusing
reactant. The chemical mechanism
is consistent with the work of
Schneerson 8 and can be explained
in terms of the adsorption of oxygen
onto the mineral surface.

ADDENDUM

Batch tests on bacterial leaching
showed a linear pattern of nickel
leaching and bacterial growth, with
a marked dependence on oxygen
concentration and rate of agitation.
In the mechanism proposed as a

result of the batch tests, the rate
of bacterial leaching is proportional
to the concentration of bacteria
attached at the mineral surface
and to the square of the oxygen
concentration.

In continuous leaching, the rates
were found to be higher than those
predicted from the batch data, this
effect being interpreted in terms of a
higher specific growth rate of
bacteria in continuous operation.
A brief economic assessment of a
process based on the continuous
tests on bacterial leaching was found
to show some promise.
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