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ABSTRACT

Some hydfometallurgical and environmental aspects of processing
Duluth copper-nickel concentrate are examined in this study. A litera-
ture review of six hydrometallurgical techniques pertinent to this study
revealed that hydrolysis of iron, oxidation behavior of sulfur, and
golubility characteristics of silicates merit further study, and hence
an in-depth review was undertaken on each of the above areas. Charac-
terization and environmental studies on acid and ammonia leach residues
of the copper-nickel concentrate showed that hydronium jarosite and
ferric oxide respectively were the chief iron products in the leach
residues, which equilibrated in distilled water at different pH's, and
possessed different morphologies. Further studies were conducted on
pure hydrolysis products and their precipitation conditions, equili-

bration pH's, release of ions, and morphologies have been reported.



TABLE OF CONTENTS

LIST OF ILLUSTRATIONS . . . . . SRR
LIST OF TABLES T
- ACKNOWLEDGEMENTS D
I. INTRODUCTION
IT. LITERATURE REVIEW . ., , , . . . . . . . . . . .,

III.

A. Hydrometallurgical Extraction Techniques
Potentially Applicable to Copper-Nickel
Concentrates of the Duluth Gabbro

Ammonia Leaching

Sulfuric Acid Leaching .
Ferric Sulfate Leaching
Ferric Chloride Leaching .

Nitric Acid Leaching .

U B NN

. Bacterial Leaching .
B. Study of Iron Hydrolysis .
C. Chemistry of Oxidation and Disposal of Sulfur

D. Study of Solubility Characteristics of Silicate
Minerals

MATERIALS AND METHODS

A. Metallurgical Leaching of the Cu-Ni Concentrates

and Environmental Leaching of its Leach Residues .

1. Materials . . . . . .

a, Concentrates . . . . . . ¢ ¢ « « ¢ o o
b. Leaching Reagents . . . . . . .
Sulfuric acid . . . . . . .

Ammonium hydroxide .

ii

Page

ix

xi

19
34
40 .
54
65

78

103

123

131

131
131
131
131

131
131



)
% ¢

é\w

Ammonium sulfate , . . . . , . . . .
Sodium chloride . . . . . . . . . .,
2. Ap?aratus and Methods . . . . . ., . .+ .,
a. Metallurgical Leaching . . . , . . L
Autoclave . . . . . . . . . 0
Experimental procedure . . . . , . , .

Sulfuric acid leach . .
Ammonia leach . . . . . . . . . . .
Environmental Leaching .

X-ray Diffraction Analysis

a o o

Scanning Electron Microscope Analysis
e. Trace Element Analysis . . . . . . . .
B. Preparation of, and Equilibration Studies on,
the Products of Iron Hydrolysis
1. Materials
a. Reagents
Ferric sulfate . . . . . . . . .
Sulfuric acid . . . . . . . . .,

2. Apparatus and Methods

a. Preparation of Samples c o 4 . e 4 = s
b. Equilibration Studies

c¢. X-ray Diffraction Analysis .

d. Scanning Electron Microscope Analysis

e. Trace Element Analysis

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS .

A. Metallurgical Leaching of the Cu-Ni Concentrates
and Environmental Leaching of its Leach Residues

B. Preparation of, and Equilibration Studies on,
the Products of Iron Hydrolysis

C. Overall Discussion e e e e e e e e
V. SUMMARY AND CONCLUSIONS . . . . . . . . . . .

REFERENCES B

iii

Page

131
133
133
133
133
133
134
134
136
137
137
137

139
139
139
139
139
139
139
140
141
141
141

142
142

163
181

183

185



o
£

Page

ADDENDUM  + + & v v v v e e e o e e e e e e e e e e e e e e . 196
APPENDIX T+ v v e e e e e e e e e e e e e e e e e 197

APPENDIX II . v v v v ¢ & v v o o o o o o o o & o o s s s s s 198

iv



Y
&
LY

10.

11.
12.
13.
14.
15.

16.

17.

. LIST OF ILLUSTRATIONS

Flowsheet for Sherritt Gordon Process . . . . . .

pH-Potential Diagram for Sulfur

Flow Diagram of the Arbiter Process

Effect of Ammonium Sulfate Concentration in the
Starting Solution on Metal and Sulfur
Extraction to Solution ‘

Flow Diagram of the Sherritt Gordon Nickel Refinery

Pressure Leaching Scheme for Sulfuric Acid Leach
of Chalcopyrite . . . . . . . . . . .,

Flow Diagram of the Sherritt-Cominco Copper Process

Flowsheet of Acid Leach for Nickel - Copper -
Cobalt Matte ' e e e e e

Flowsheet of Amax's Port Nickel Refinery .

Flowsheet of Outokumpu Refining Operations
at Harjavalta . .

Eh-pH Diagram Showing the Relationship Among Meta-

stable Iron Hydroxide Species and Siderite at
25°C and 1 atm Total Pressure

Flowsheet Proposed by Haver and Wong for the
Treatment of Chalcopyrite Concentrates .

Flowsheet of the UBC-Cominco Process .

Flow Diagram of Duval's CLEAR Process . . . . . .
Flow Diagram of Cymet Process

Flowsheet for the Cyprus Copper Process

Flowsheet for Processing Copper Concentrates
with Nitric Acid . . . . . . . . . . .,

Page

10

15
18
20

22
29

30

32

33

35

43
45
47

53

56



18.

19.

20.

21.

22.

23.

24,
25.
26.

27.

28.

29.

30.

31.

32.

33.

4.

The Distribution of NO and NO, as a Function
of HNOg Concentration While Leaching
Copper Concentrates . . . .

Flowsheet of the Nitric-Sulfuric Leach Process .

Effect of Temperature on Rate of Iron Oxidation
by Bacteria

Schematical Representation of a Microbiological
Batch Leaching Process for Chalcopyrite
Concentrate Treatment

Simplified Flow Diagram for Bacterial Leaching
of Ores and Minerals e e e e e e e e e e

Solid Model of the System, Fe O SO H O from
50°C to 200°C . . . . . e e e e e e e

Isotherm of the System Fe,0,-S0,-H,0 at 75°C .
Isotherm of the System Fe203-SOS—H20 at 110°C
Isotherm of the System Fe,0_-S0;-H;0 at 200°C

Sulfur Content in Hydrolysis Product as a
Function of Free H,S0, (200°C)

Iron Content im Hydrolysis Product as a
Function of Free H2804 (185°C)

Sulfur Content in Hydrolysis Product as a
Function of Free H,SO, (185°C)

Iron Content of the Hydr01y51s Product as a
Function of Free H,SO, (200°C)

2774
Sulfur Content of the Hydrolysis Product as a
Function of Free HZSO4 (200°C) . . . . . ...

Equilibrium Precipitation - Temperature - Acidity -
Diagram in the Systems Fe (804) —HZO and Fe2(504)—

NaZSO4—HZSO4 HZO e .

Effect of Stoichiometric Additions of Reagents
on Iron Concentration . . . . . . . . . . .,

Effect of Ammonia Additions on Ircn
‘Concentration at 180°C . . . . . . . v « ¥ « .

Page

58
64

73

75

76

81
81
82

82

84

84

84

84

84

86

87

89

«



g
fA

)

35.

36.
37.
38.

39,

40,

41.

42,
43,
44,

45.

46.

47.

48.

49,

50.
51.

52,

Effect of Acidity on Iron
Concentration at 200°C . . . . . . . . ..

Stability Region of Jarosite . . . . . . . .
Log [Fe+3] - pH Relation in Iron Hydrolysis
Rate of Fe+3 Hydrolysis e e e e e e e

Effect of Temperature on Iron Concentration with
Stoichiometric Addition of Ammonia .

Progress of Precipitation of Iron as Jarosite . .

Solubility of Some Metal-Sulfates as a Function
of Temperature e e e e e e e e e e e e e

Potential-pH Diagram for the Sulfur-Water at 25°C
Potential-pH Diagram for Sulfites and Thiosulfates .
Sulfur Oxidation During an Oxidizing Pressure Leach

Stability Regions of Different Sulfur Species
in Acid and Alkaline pH's

Oxidation of Sodium Thiosulfate with Hydrogen
Peroxide in an Acidic Solution . . . . . . . . .

Oxidation of Sodium Thiosulfate with Hydrogen
Peroxide in the Presence of Iron . . . .

Quantity of Silica Dissolved from Olivine, Biotite,
Albite and Quartz at Different pH's

Weight Ratios: Among Silica, Iron and
Magnesium Dissolved from Olivine . ., . . . .

Equilibration Curve for Acid Leach Residue . .
Equilibration Curve for Ammonia Leach Residue

X-ray Diffractographs of Acid Leach Residue,
Before and After Equilibration, and the Concentrate

X-ray Diffractographs of Ammonia Leach Residue,
Before and After Equilibration, and the Concentrate

vii

Page

89
90
90

92

92

92

98
105
108

111

113

116

118

125

129
147

150

152

153



L

54,

55.

56.

57.

58.

59.

60.

61.

62.

Page

Electron Micrographs of Concentrate, and Acid

and Leach Residues Before and After Equilibration . . . . . 155
Effect of Aeration on Equilibration of Basic '

Ferric Sulfate . . . . . . . . . . v o v o v o o . 167
Equilibration Curve for Hydronium Jarosite . . . . . . . . . 169
‘Equilibration Curve for Basic Ferric Sulfate . .. . . . . . 170
Equilibration Curve for Ferric Oxide . . . . . . . . . . . . 171
X-ray Diffractographs of Hydronium Jarosite Before

and After Equilibration Y V4
X-ray Diffractographs of Basic Ferric Sulfate Before

and After Equilibration . . . . . . . . . . . . . . . . . . 176
X-ray Diffractographs of Ferric Oxide Before and

After Equilibration . . . . . . . . . . . . o . . o 0 ... 177
Electron Micrographs of Hydrolysis Products of Iron . . . . 178

o
i

viij



[

e

10.

11.

12.

13,

14.

15.

16.

17.

LIST OF TABLES

List of Commercial Plants Currently in Operation ,

Results of Investigations on Ammonia Pressure
Leaching . . . . . . . . . . .

Chemical Analysis of the Feed, Products, and the
Tailings in the Sherritt Gordon Process

The Feed, Leachate and Residue Analysis of the Arbiter
Process on a Minnesota Copper-Nickel Concentrate .

Results of Investigations on Sulfuric Acid Pressure
Leaching

Effect of Temperature on Copper Extraction by
Sulfuric Acid Leaching e e e e e e e e

Feed and Residue Analysis of Copper Sulfides in
Sulfuric Acid Pressure Leaching

Results of Investigations on Ferric Sulfate Leaching .
Results of Investigations on Ferric Chloride Leaching

Chemical Analysis of Feed and Products of Treatment of
Chalcopyrite by Cymet Process

Results of Investigations on Nitric Acid Leaching

Relative Reactivity and Elemental Sulfur Yield of
Pure Minerals Leached with Nitric Acid

Results of Investigations on Bacterial Leaching
Using Thiobacillus Ferrooxidans . . . . . . . . .

Chemical Composition of a Typical Nutrient .
Chemical and Mineral Names of Jarosites
Hydrolysis Reactions of Ferric Sulfate .

Comparison of Iron Precipitation Processes

ix

Page

12

16

24

26

26
39

41

51

60

61

68
71
84
90

96



18.
19.
20.
21.

22,
23.

24.
25.
26.
27.
28.
29.

30.

Page

Hydrometallurgical Processes Generating a
Discard Iron Residue . . . . . « « « « « « « « v« +« « + .« 100

Concentration of Cations in the Pulp at

Various pH Values T V1<
PartialVChemical Analysis of Duluth Gabbro

Copper-Nickel Concentrates . . . . . . « « « « « « + + » . 132
Experimental Conditions and Results of Sulfuric

Acid Leaching and Ammonia Leaching . . . . . . . . . , . . 135
Partial Chemical Analysis of Acid Leach Residue . . . . . . . 145
Partial Chemical Analysis of Ammonia Leach Residue . . . . . 145

Release of Ions in Environmental Leaching Studies
of the Acid Leach Residue e e e e e e e e e e e .. 148

Release of Ions in Environmental Leaching Studies
of the Ammonia Leach Residue . . . . . . . . . . . . . . . 151

Conditions for Preparation of Hydrolysis
Products of Iron . . . . . . . . « . « v v v v v v v .. . 164

Partial Chemical Analysis of Hydronium Jarosite,
Basic Ferric Sulfate and Ferric Oxide S (1)

Release of Ions in Equilibration Studies of
Hydronium Jarosite . . . . . . . . . . . . . o v . ... 172

Release of Ions in Equilibration Studies of
Basic Ferric Sulfate . . . . . . . . . . .. ... .. 173

Release of Ions in Equilibration Studies of A
Ferric Oxide . . . . . . . . . . ..., 174



o

ACKNOWLEDGEMENTS

The author is deeply indebted to Professor Iwao Iwasaki for his

invaluable advice and encouragement throughout the course of this
project. Thanks are also due to the staff of the Mineral Resources
Research Center, to Karl A. Smith and Deborah A. Hovander in particular,
who have wholeheartedly helped the author at several stages of this
investigation. The author is grateful to Ranjit K. Das of the

Department of Geology for his help with the x-ray diffractographs.

Sponsorship of this project by the Minnesota Environmental Quality

Council is gratefully acknowledged.

xi



)

INTRODUCTION

The copper-nickel deposits in Northeastern Minnesota hold great
potential for emerging as a major producer of copper and nickel in the
U.S.A. 1In this study some metallurgical and environmental aspects of
hydrometallurgical treatment of the copper-nickel concentrates of the
Dﬁluth gabbro are examined. In any hydrometallurgical process, the
discard of the treatment has to be carefully examined and safely dis-
posed of. Hydrometallurgy is often haile& as a non-polluting extractive
technique, but in fact it could pollute the ground water with hazardous

consequences if the process waste is not adequately inspected and

treated.

This investigation was carried out as a part of the Mineral Pro-
cessing Studies sponsored by the Minnesota Environmental Quality Council.
Various hydrometallurgical processes applicable to copper-nickel con-
centrates have been reviewed in this study. From this review, three
major areas of interest in all processes have been identified and re-
viewed in depth. Areas of interest for experimentation have been evolv-
ed out of these reviews. The experimental investigation broadly con-
sists of two areas: that of metallurgical kaching and environmental
leaching tests on the acid and ammonia leach residues, and of prepara-
tidn of hydrolysis products of iron and study of their equilibration in
distilled water. The two separate experimental studies have then‘been

compared and general conclusions drawn.

1



)
The experimental techﬁiques adopted include pressure leaching,
environmental leaching, x-ray diffraction analysis, electron microscope
analysis, etc. The equilibration tests with distilled water in the case
of copper-nickel leach residues have been termed ﬁenvironmental leach-
ing tests" on account of their closely resembling an actual plant dis-

card. Similar treatment on the pure hydrolysis products have been

termed "equilibration tests'.
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" II.  LITERATURE REVIEW

A. HYDROMETALLURGICAL EXTRACTION TECHNIQUES POTENTIALLY

APPLICABLE TO COPPER-NICKEL CONCENTRATES OF THE DULUTH GABBRO

Six hydrometallurgical extraction techniques are discussed in the
i
following chapters. Their selection out of the many techniques pro-
posed is based on current commercial practice and possible development
into a full-fledged plant operation.

The ammoniacal leaching technique is an established commercial
process for copper and nickel sulfide concentrates. The sulfuric acid
pressure leach with oxygen as the oxidant is an attractive process with
the possibility of developing into a viable commercial operation.
Ferric ion leaching in the sulfate medium is a subject tha£ has held
the interest of investigators for many years, and is considered to be
the effective leaching agent in dump and in situ leaching. Another
teéhnique that is becoming very attractive and promising is the ferric

chloride leaching technique. Several alternative processes have been

proposed based on this technique and presently a commercial plant is

-in operation. The ferric chloride leaching technique continues to at-

tract more research in this area. Though nitric acid leaching technique
has been known a long time, recently there has been a revival of inter-
est in this extraction method. Bacterial leaching hés continued to in-
terest investigators especially with respect to its effectiveness in
treating mine wastes and low-grade deposits. Table 1 gives a list of
commercial plants currently in operation based on the above extraction

techniques.



TABLE 1. LIST OF COMMERCIAL PLANTS CURRENTLY IN OPERATION

: Major 4 Capacity Year of
Company Location Process Process Steps Products tons/year tartup
Sherritt Gordon Port Saskatchewan, Sherritt Gordon NHz leaching Ni, Co 15,000 (N1) 1954
Mines Ltd. Canada Process Hs reduction .
Western Mining Kwinana, Western Sherritt Goxdon NHy leaching Ni 15,000 1970
Corporation Australia . Process i, reduction
* Anaconda Company Anaconda, Montana Arbiter Process NHz leaching, Cu 36,000 1974
Uu.S. liquid-liquid
_extraction,
eiectrowinning’
Duval Corporation  Tucson, Arizona CLEAR Process FeCly leaching, Cu 32,500 1976
u.S. electrolysis

*Closed in Decemher 1977.18
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" Ammonia Pressure Leaching

The two well known techniques of pressure leaching of sulfides
using ammoniacal solutions are the Sherritt Gordon process and the
Arbiter process, The Sheritt Gordon process yields ammonium sulfate
as the chief by-product, and it is known that for each ton of. nickel
produced 8 tons of ammonium sulfate are also produced,1 Hence, in
spite of the excellent extraction efficiencies that the Sherritt Gordon
process claims, the application of the process to sulfide concentrates
is limited by the marketability of ammonium sulfate. The disposal of
sulfur thus plays an important role in the economic feasibility of the
above processes.

" Leaching of sulfide ores by ammoniacal solutions has been suggest-
ed as early as 1905'2 The fiI‘St COmmeICial application Of the teChniv

que was to the copper oxide tailings at Kennecott, Alaska,3 and to
tgilings containing metallic copper at Calumet, Michigan,4 In 1953,
Forward and the investigators at the research department of the Sherritt
Gordon Mines Ltd., at Fort Sasketchewan, Alberta, developed the Sherritt
Gordon process, which was primarily applied to ﬁickei sulfide concen~
trates, The chemistry of this process has been investigated and fairly
well established,5’6

The Sherritt Gordon process can be outlined as follows. The flotw=
ation concentrdte is leached in autoclaves with ammoniacal ammonium
sulfate solution under 120-~130 psi and at temperatures between 80 and
95°C for abouf 8 1/2 hours. In the case of pentiandite, for example;

the nickel forms a soluble ammine complex and the iron is oxidized to

an insoluble hydrated iron oxide,
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NiS - FeS + 3FeS + 70

2

+10NH3 + 4H,0 - Nl(NH3)6SO4 +

2
0 + 2(NH4)

3

2Fe,0 * H 55,05 . ceen (1)

The sulfide sulfﬁr is at first oxidized to thiosulfate, then undergoes
further 6xidation to yield trithionate which oxidizes finally to give
sulfamate and sulfate
2(NH,) 5,05 + 20, + (NH,) 5.0 + (NH,), SO, ceea (2)
(NH,) ;S50 + 20, + 4NH + HéO + NH, . SOy . NH, +
2(NH,) ,50, veen(3)
Any pyrite preseﬁt in the feed remains relatively unaffected by the
leaching and reports in the residue. The leach liquor is filtered and
the filtrate is boiled to evolve excess ammonia, which is recycled, and
to remove copper as copper sulfide precipitate, which is sent to copper
smelters. The solution obtained after separating the precipitate is
subjected to oxidation and hydrolysis in order to convert all other
forms of sulfur to sulfate. Nickel and cobalt are then recovered by
hydrogen reduction and the ammonium sulfate produced is sold a fertil-
izer, The flowsheet for the above process is given in Figure 1.
~ Leaching copper sulfides with ammoniacal solutions yields similar
results. The reactions of copper sulfide concentrates during ammonia
leaching can be divided into two groups, namely, those in which am-
monium sulfate’is formed and those in which ammonium sulfate is con-
sumed. To illustrate, ammonia leaching of chalcopyrite yields ammon-
ium sulfate whereas that of chalcocite and bornite consumes ammonium.
sulfate since they contain insufficient sulfur to combine with all of

the copper as cupric ammine sulfate,
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Chalcopyrite:

QCUFGSZ + 12NH3 + 8 1/2 02 + (2+n)H20 = 2Cu(NH3)4SO4 +
2(NH4)ZSQ4 + Fe‘203 . nH20 | vee e (8)
Chalcocite:

Cu,S + 6NHg + (NH,),S0, + 2 1/2 0, = 2Cu(NH;),S0, +

H,0 veen (5)
Bornite:
2Cu5FeS4 + 36NH3 +2(NH4)ZSO4 +-18 1/2 O2 + (n-Z)HZO =
10Cu(NH3)4SO4 + Fe203 . nH20 ' AN ()]

All other process details of ammonia leaching of cofper sulfides are
similar to that of nickel sulfides. Sulfides in the concentrates are
oxidized to sulfates through various intermediate sulfur oxidation pro-
ducts as in the case of nickel sulfides. Pyrites remain unattacked and
reporf in the residue. Table 2 gives the results of tests conducted by
vérious investigators based on this process.

The oxidation reactions of the sulfide sulfur is one of the unique
features in the ammoniacal leaching of sulfides. Sulfate is the chief
end product of ‘the oxidation sequence, and this fact is supported both
by the potential -pH diagram of the S-HZO systeﬁ (Figure 2) and by ex-
perience. Sulfide sulfur oxidizes to sulfate through a series of
interﬁediate sulfur species. The sequence of oxidation of sulfide sul-
fur in an ammoniacal solution may be written as follows:

sulfide + thiosulfate - trithionate - sulfamate, sulfate
Other polythionates may also be formed during the oxidation but are

rapidly converted to stable products. The sulfamate formed in the



TABLE 2. RESULTS OF INVESTIGATIONS ON AMMONTA PRESSURE LEACHING

Leuching Conditions

Conc of 0,
Leach Retention pres-
Feed Solution time, Temp sure, Results, % Extraction
Author (s) Mineralogy Mesh Size g/ hrs °C psi Cu Ni Fe S Co
Stanczyk, M.H. and Chalcopyrite 92.2% -325 59.45 NH 1 75 100 95.8 - - - -
Rampacek, CJ9 3
® Forward, F.AMS Lynn-Lake - - - - >24 65-104 >125 B8-92 90-95 - 60-75 50-75
Ni-Co
Concentrate
**The Anaconda Company 17 Minnesota 99+% -400 - - 7.5  .60-90 5 93.11 85.67 0.10 78.20 74.61
Cu-Ni
Concentrate
Totluni and 159 Cu-Ni 100% -200 ~70 Nll3 S 88 150*** >09 95.5 - - -
Baluchandra Concentrate
vearce, et a1V Ni-Cu Matte 98% -200 85-90  Nilg - 80 100 98.5 98.5 - - 95
300-335 (NM4)2SO4
Nabaichenko, S.S. and
Khudyakov, 1.F.,20 Ni-Cu Matte - - 80 Niiq . 4 100 120 - 97-98 - 18-19 80

180 (Nilg) 280,

Sherritt Gordon Process
*% Arbiter Process
***Total pressure
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by the Sherritt Gordon process is given in Table 3.

11

final solution accounts for about a third of the sulfur extracted. Sul-
famates have herbicidal properties and hence they have to be cqmpletely
eliminated so that they will not contaminate the ammonium sulfate which
may eventually be used as a fertilizer.8 Thereforé, the solution con-
taining sulfate, sulfamate and small amounts of thiosulfates and thiow
nates is subjected to oxidation and hydrolysis respectively at 245°C
and 600 psi air for about half an hour, by which all the sulfur forms
are converted to sulfate. A detailed discussion of the oxidation be-
havior of sulfur species is given in a subsequent section,

The behavior of iron during ieaching ié worthy of atteﬁtion. The
iron present in the concentrate is oxidized to an insoluble hydrated

ferric oxide. This is pseudomorphic with the original mineral and is

.formed as a layer on the sulfide particles. No other converted form of

iron has been reported. Pyrite, and to a lesser extent pyrrhotite, are
incompletely leached and report as such in the tailings.11 Presumably,
this is due to the.inhibitive coating of ferric oxide on these particles,
which considerably slows down their decomposition rate. Fine grinding
of the concentrates and extra agitation may essentially resolve the
above difficulty and increase extraction rates, and this has been demon-
strated by the Arbiter process.12 Any nickel orvcobalt in the pyrite
and pyrrhotite also remains undissolved aﬁd reports in the leach residue,
A typical feed, product and tailings analysis of the ammonia leach
13 It can be seen
that considerable amounts of iron and sulfur report in the tailings as

well as copper, nickel, and cobalt. Sulfur in the tailings, as well as

some amounts of nickel, copper and cobalt, may arise from the pyrite
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TABLE 3, CHEMICAL ANALYSIS OF THE FEED, PRODUCTS, AND THE
TAILINGS IN THE SHERRITT GORDON PROCESS!3

Feed Conc Ni Copper Cobalt Tailings
(Typical) Product Sulfide - _ Product e
Constituent (%) (ppm) O] (ppm) )
Quantity '
Metric » 12769.37 11267.33 290.43 .
_TPY : S :
Cu 1.00 30 30 20 0.1
Ni’ 14,00 - 99.9% - 1 1000 1
Fe 20.00 100 0.5 - 100 40
s 25.00 250 60 300 ‘10
Pb " 0.001 0.05 - 0.08 -
Zn 0.005 3 - ' 2.0 -
Co 0.20 1000 0.1 . 99.9% 0.2
As 0.01 . 1 - 1.3 -
cd 0.001 30 - - -
~ Se 0.001 ' 4 - 0.4 -
- Ti 0.02 0.5 - 0.8 -
‘Va 0.0601 0.05 - , 0.1 -
cr 0.005 1 - | 7 -
| §i02 8.00 9 - 120 -
/ A1,04 0.05 31 - 5 -
- Ca0 0.01 0.02 - 4 -
MgO © 7,00 0.1 - 5 -
MnO 0.005 0.1 -1 -
Ag ~ 0.001 0.05 - 0.05 -
. Au ’ = - - = -
(i Pt - - . - -

Note: Nickel and Cobalt Analysis are given in ppm's of which their main con-
stituent being Ni and Co are presented in percentages.

* Quantities vary depending on the type of feed
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and pyrrhotite present in the concentrate. Iron content in fhe tailings
is primarily contributed by ferric oxide, and secondarily by pyrite and
pyrrhotite. The tailings may also contain small amounts of insoluble
silicates. The final tailings are not gelatinous and they thicken and
filter easily, but if agitated vigorously, the friable particles become
too fine and make filtering more difficult.14

| The Sherritt Gordon process, being an ammoniacal leaching process,
has the advantage of selective complexation of metals. Also, iron is
not complexed, and hence does not enter the purification and recovery
circuits. But, as mentioned earlier, the marketability of ammonium
sulfate is a constraint in the implementation of this process. As an
alternative, ammonia can be regenerated from ammonium sulfate using
lime, but the calciuﬁ sulfate thus prbduced must be disposed of. The
Sherritt Gordon process has been in practice since 1954 at Fort Sasket-
chewan, Alberta, by the Sherritt Gordon Mines Ltd. Also, Western Mining
Cofporation at Kwinana, Western Australia and Impala Platinum Ltd. at
Springs, TVL, South Africa, operate on the basis of this process.15’16

Another process, named the Arbiter process, was developed in 1973

by The Anaconda Company as a modification to the Sherritt Gordon process.
It uses ammonia leaching but at much 1ower~preséures (~5 psi). Tonnage
oxygen is employed instééd of air. Efficient gas-solid contact is
brought about by special agitation techniques and proper control of
the reaction is maintained by some unspecified means. The extra agi-
tation is employed in order to divest the mineral particle of the ferric

oxide coating and thus present a fresh mineral surface to the leaching

agent. Copper is recovered by liquid-liquid extraction and electro-
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winning. Excellent copper dissolution has been reported.12 Figure 3
gives a simplified floWsheet of the Arbiter process.
The feed and residue analysis of the Arbiter process on a Minnesota
copper-nickel concentrate is givenvin Table 4,17 It should be noted
that almost all of the iroﬁ, calcium oxide and magnesium oxide reports

in the residue. Iron occurs in the residue mainly in the form of ferric

oxide. In the Arbiter process currently in operation on copper sulfide

- concentrates, the leach residue is further treated by flotation where

almost all the copper is recovered and sent to the smelter. Perhaps
the Minnesota copper-nickel concentrates could also be'treated iﬁ a
similar manner to recover the copper, nickel and cobalt from the leach
residue,

The advantages of the Arbiter process lie in simpler equipment,
lower ammonia loss and the introduction of the liquid-liquid extraction/
electronwinning step for copper recovery, but the chief limitation still
remains the economical and proper disposal of the sulfur as ammonium
sulfate or calcium sulfate, The process is also dictated by the avail-
ability of cheap oxygen, lime and ammonia, It has been reported, how-
ever, that the Arbiter plant of the Anaconda Company which began opera-
tion in Anaconda, Montana‘in October 1974, has éeased operation on ac-
count of unfavorable market conditions and shortége of sufficient
feedstock for capacity operation of the plant.18

19, 20 have investigated and reported .

Naboichenko and coworkers
ammonia leaching of nickel mattes, Mineral-petrographic analyses of

the mattes studies showed the main constituents to be sulfides, in-

cluding sulfides of individual metals as well as FeS~N1352—tYPe com-
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THE FEED, LEACHATE AND RESTUDE ANALYSIS OF THE A%%ITER

TABLE 4.,
PROCESS ON A MINNESOTA COPPER-NICKEL CONCENTRATE
. . Distribution
Feed’ Leachate Residue Leachate Residue
) % % s %
Cu 9.80 18,3 0.85 93.11 6.89
Ni 2.08 3.54 0.37 85.67 14.33
Fe 27.60 0.016 32.5 0.10 99,90
s 18.10 53.0 4.6 78.20 21.80
Co 0.11 0.19 0.04 74.61 25.39
510, 19.0 NE e 23.34 - -
Al205 5,28 <0,001 6.3 - -
€a0 2.80 0.088 2.7 3.32 96.68
Mgo 5,30 0.040 5.7 0.89 99.11
Ag 0.84¢ <0.0001 1.15* - -
Au 0.005* NF 0.006* - .

* ounces/ton

**not found
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pounds, metallics and oxidized species, The oxidized constituents in=
cluded slag inclusions and compounds of the magnetite and spinel types,
in which nickel and cobalt isomorphically replace the iron, Autoclave
ammonia leaching of the nickel mattes yielded nickel, cobalt and copper
in solution in the form of complex ammines, sulfur in the form of poly-
thionates and ammonium sulfate, and iron in the form of hydroxide and
basic salts.19 Table 2 shows the data on autoc¢lave ammonia leaching
of nickel mattes.

Various parameters on ammonia leaching have been examined and re-
ported by the above-mentioned authors, Increasing the operating temper-
ature and the 0, pressure of the leach leads to increasing extractions
of nickel, cobalt and sulfur to thé solutions.20 The ammonium sulfate
concehtration in the initial solution has a strong influence on the
extraction behavior of different constituents., An increase in the
amount of ammonium sulfate in the initial solution leads to increases
in metals and sulfur extraction to solution (Figure 4), During leach-
ing, only the sulfur that is combined with nickel, cobalt and sulfur
passes into solution, The sulfur combined with iron is used up in the
formation of refractory compounds like basic salts, and as a result
very little of this sulfur goes into solution, This is also one of the
sources of nickel losses into the residue, since nickel that is isomor=-
phically combined with the iron sulfide is practically nonextractable
into solution during ammonia leaching of the nickel mattes,19

Ammoniacal pressure leaching at 80~95°’can be used for high nickel-
iron and nickel-copper mattes, At the Sherritt Gordon refinery, nickel

mattes mixed with concentrates are processed under varying leaching
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conditions dictated by the.particular matte. Figure 5 shows a simpli-

fied flowsheet of the Sherritt Gordon Nickel Refinery.

Sulfuric Acid Pressure Leaching

Leaching in the sulfuric acid (sulfate) medium is generally dis-
tinguished by the type of oxidant employed. In the sulfuric acid
pressure leaching, the oxidant is oxygen, and is discussed in this
chapter. The next chapter deals with leaching in sulfate medium using
ferric ion as the oxidant.

Investigations into the dissolution of copper sulfides by sulfuric
acid in the presence of air (oxygen) were carried out as early as 1930
by John D. Sullivan at the Southwest Experiment Station of the UIS' |
Bureau of Mines.21;23 In 1955 Forward and Halpern publiéhed the re-
sults of the pioneering work on autoclave leaching of sulfidic miner-
als.24 Significant development in the field occurred in the 1960's
with most of the investigations focusing on copper su&lfides.zs-30 In
addition, leaching studies on copper-nickel sulfides have been reported

by Vezina in the early part of this decade.31’32

The chemistry of this technique has been discussed by several in-
26,31,33

vestigators. Chalcopyrite, for example, when treated with

sulfuric acid under elevated pressure and temperature undergoes dis-
solution in the following sequence. The sulfide sulfur first gets
oxidized to elemental sulfur while copper and iron react with sulfuric
acid to form their sulfates.

CuFeS, + 2,80, + C,~ CuSO, + FeSO, + 25° + 2H,0  ....(7)

4 4



20

MICKEL MATTY

NCER CONCENTRATE

CRUSHELG

EXIT CAl

P

H GRINDING
"D suomty
PRPARATION TIoUD - S0LID
t AMHOKNIA SEPARATION
HICKEL AKMPONIUK SCRUBEER
i SULPHATE RICTCLE —d] R .
H SROM COBALT PLANT AMMONIA LEACH REIIOVE O FrOCKALE
LEAN LIawD- SOLID 100
Liguos _SIPARATION ) BY-PRODUCT RECOVERY
Recyce PARTIALL SPENT
H Al
AR P e SECOND STAGE .
| AMMONIA - AMMONIA LEACK AMHOKIA AOUR TO
- LiuIn - SOUD SICOND $TAGE L¥ACK
- SEPARATION FINISHED
) LEACH SOLUTION
| - TAWLIHGS TO POND
]
: . AMMOMIA b
DISTILLATION
COPPEP BIMOYA, p— Cu SULSHIDE Y- PRODUCT
§ =———e| CO'MR STRIPPING = Cuv=-Hi SULPHIDIS TO
: 2 FIRST STACE LEACH
AR O3 ICATION EXIT GAS
) HYDROLTSIS
HYDROCEN
CATALTST — HICREL A DUCTION
UGUID- SOLIO .
SEPARATION
POWDER WASHING
| . 1 NICKEL REDUC TION
NICKEL POWDER END SOLUTION
: _AND
BQUETTE
. COBALT REDUCTION
: END SOLUTION P} M 73 PRECIPTATION

FLTRATION

SOLUTION TO AMMONIUM
SULPHATE RECOVERY

MHi-Ce JLAIDES TO
COIALY MECOYERY

s

FIG. § SHERRITT GORDON MINES, LTD, SIMPUFIED NICKEL REFINERY
£LOW DIAGRAM (FROM ADVANCES IN EXTRACTIVE METALLURGY. 1967 1.M.M)




21
Ferrous sulfate is then oxidized to ferric sulfate which raises the pH
to 1.0-1.5 at which the ferric sulfate hydrolyzes and regenerates sul-

furic acid.

FeSO4 + 1/2 HZSO4 + 1/4 O2 »~ 1/2 FeZ(SO4)3 *
1/2 Hzo !000(8)
1/2 Fe,(S0,) ; + 3H,0 -~ Fe(OH) ; + 1 1/2 H,S0, cee (9)

The fresh regenerated acid reacts with more chalcopyrite. An idealized
overall equation for chalcopyrite dissolution can be obtained by adding
the above equations.
CuFeS2 + H2804 +11/4 02 + 1/2 HZO -*vCuSO4 +
Fe(OH)3 + 2S° : ... (10

When concentrates contain sulfides of other metals in addition to that

of copper, acid leaching yields their sulfates
(Fe,Ni)988 + 4 1/2 O2 + 9H2804 ~41/2 NiSO4 +

4 1/2 FeSO4 + 85° + SH,0 co..(11)
Figure 6 gives the flow diagram of sulfuric leach for chalcopyrites
proposed by Vizsolyiet al.26

When two or more sulfides are leached together, the dissolution

rates of the minerals differ. Investigation of acid leaching on chal-
copyrite-pentlandite-pyrrhotite concentrates has revealed that pyrrho-
tite is self-sufficient in sulfuric acid for decomposition while chal-
copyrite and pentlandite require édditional sulfuric acid.31 In general,
the extraction of copper from the mixed concentrates is more difficult

than the extractions of nickel and cobalt from the mixed concentrates.

Also it is noted that nickel and cobalt attained maximum extractions
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even at low levels of sulfuric acid additions, while copper required
significantly higher ievels of sulfuric aéid additions to attain high
extractions.

Results obtained from various leaching studies have been tabulated
(Table 5). Roman and Benner34 and Subramaniam and Jenning535 have pro-
vided excellent reviews on copper hydrometallurgy. The effect of vari-
ous parameters on the extraction efficiency have been investigated by
several researchers previously cited. Increasing the pressure, tempera-
ture and the fineness of grind of the concentrates generally results in
better extraction of the metal values. |

The formation and behavior of elemental sulfur during the leach
dictates the leaching conditions. The elemental sulfur forms a uniform
porous coating around the sulfide particle, and further sulfide-oxidant
contact takes place through this coating. When the temperature of leach
ing exceeds the melting point of sulfur, the molten sulfur film on the
surface of the sulfide mineral acts as a barrier against further rapid
oxidation, and hence the leachability of the sulfide sharply decreases,
Therefore the leaching temperature is normally kept beiow the melting
point of sulfur (119°C).

Control of iron content in the pregnant liquor is essential for
efficient recovery of copper by electrowinning or hydrogen reduction,
To maintain a high copper-to-iron ratio in the liquor, it is preferable
to remove as much iron as possible during leaching so that it reports
iin the residue. Iron hydrolyzes into jarosite, basic iron sulfate or
ferric oxide depending on the conditions of leaching. If leaching

temperature is maintained below the melting point of sulfur, it is



TABLE 5. RESULTS OF INVESTIGATIONS ON SULFURIC ACID PRESSURE LEACHING

B e L T
Leaching Conditions
- 0,
Conc Retention pres-
Feed of U S0, time Temp sure, Results, % Extraction
Author (s) Mineralogy Mesh Size g/ hrs °C usi Cu Ni ST Co
Stanczyk, M.H. and Chalcopyrite 100% -270 0 0.5 -200 115 . 97.6 - - -
Raapacek, C. 7
Veltman, H,, et al.25 Chalcocite 0% -325 106 2 107 50 97.3 - 3.8 -
concentrate
Vizsolyi, A., et al, 26 Chalcopyrite 99.5% -325 95 2.5 115 500 98 - 85 -
concentrate
Vezina, J.A. 31 Complex CubeS, 100% -325 37.54 14 115 400 95.1 99.2 - 98.2
+ (NiFe)S +
pyrriwtite
concentrate
* Vezina, J.A.32 " 939 -20 u 8 115 80 90.6 99.0 - §7.8
MRRC 3® Complex chalco- 100% -159 20.24 3 115 300 37.0 52.4 - -
pyrite +
cubanite +
pentlandite +
pyrrhotite
(buluth gabbro
bulk sulfide
concentrate)
laas, L.A., et a1,37 " 1004 -325 50 4 100 400 62 82 - -
Kawulha, P., et al3?  Chalcopyrite + - - 250 3 102 150 _98.4 - - -
bornite
concentrates
Totlauni and Cu-Ni concentrates - - 30.6 6 - 113 500 . 24.4 83.4 - =
Buluchundral ©0 o :
pearce, et aldl Ni-Cu-Co matte 84% -200 1.65 8-10 121 95-100%** 90 98.5 - 98
Maas, L.A., et 81.37 Cu-Ni matte - - 100 6 180 450%e* >98 >98 - -

* S° represeats sulfur in elemental form
@* Sherritt-Cominco Coppor Process
***Air pressure

vz
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likely "™ “ jarosite is‘formed along with lesser quantities of basic
ferric sulfate. A detailed discussion_on the behavior of iron during
acid.leaching is éiven in a later section.

Stanczyk and Rampacek of the U.S, Bureau of Mines have reported
another technique in which the leaching is carried out at 200°C under
oxidizing conditions.27 These investigators have found that chalcopy-
rite, for example, gives very low extractions ét itemperatures just above
the melting point of sulfur, but the extractions rapidly increase at
higher temperatures (Table 6). Also, the sulfur reports chiefly as sul-
fate., Table 7 gives a typical feed and residue analysis of copper sul-
fides, when leached with sulfuric acid at 200°C under 115 psi for 30
minutes. Haas et al.}7 based on studies of a Minnesota copper-nickel
sulfide concentrate, have reported that the leach residue of acid leach-
ing treatment on these concentrates at 100°C, contain small quantities
of copper, nickel and cobalt, besides considerable quantities of basic
ferric sulfates, ferric oxides and elemental sulfur. Under suitable
conditions jarosite also may be formed during leaching, and report in
the residue. It has been suggested that the copper, nickél and cobalt
reporting in the leach residue could have been originally dissol§ed in~
to the leach liquor and subseqﬁently coprecipitated with the hydrous

. . . . 31
ferric oxide and basic ferric sulfate, These metal values are thus not

<
available for recovery becasue they are locked with the iron compounds.
Another sulfuric acid leach process was developed in 1976, jointly
c by Sherritt Gordon Mines and Cominco, with the chief objective of treat~

‘ing concentrates having a wide range of composition with respect to both

copper and secondary metals content,38 The process has been successfully
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TABLE 6.- Effect of temperature on copper extractfion?’

Reaction temperature, Copper extraction, percent
°C Bornite' | Chalcocite® Chalcopyrite
2 46 .4 63.7 10.8
150, ccccecncosccacaceosscssnos 72.5 84.2 32.0
175 cceeececocnccsoconscnoascnas 91.0 97.8 : 79.0
200 ccacoccocncccncccssscnnsos 98.8 99.8 97.6
225 . 0censvcconcscacoosansaoccocs 99.0 99.8 97.8

1Tests made w1th 0.5 1b H,S0, per 1b bornite.
2Tests made with 1.0 1b H,50, per 1b chalcocite.

Test conditions: Pulp density = 5 pct solids; oxygen partial pres=-
sure = 115 psig; and reaction time - 30 min.

TABLE 7. 27

Chemical analysis of minerals

—_—

Mineral Analysis, percent
' Cu Fe S Insoluble
ChalcoCiteeceoscossonasnase | 74,02 3.08 18.53 - 0.85
Covellit@eveoovsocenancas | 06,32 .70 30.00 . .50
Bornite.vecesascecsnosces | 04473 9,30 24,10 .20
Chalcopyrite.saececvoeseass | 32.69 29.25 33.09 1.51

- Chemical analysis of leach residues

Mineral Residue analysis, percent
Cu Fe S as sulfide S as sulfate
Bornite.eeecasseconces 1.6 47 .4 1.8 6.8
Chalcocite..eeosecncas 2.1 41.3 «5- -3
Chalcopyritecissnoocas 1.5 | 56,2 1.1 2.0




27
tested in a $5;2 million pilot plént processing 9 tons of pyritic copper
conc ~ -ates per day. The first stage of the Sherritt-Cominco Copper
Process‘involﬁes thermal activation wherein the concentrate is heated
to about 650°C in a roaster in a current of hydfogen. Due to the com-
bined effect of heating and hydrogen reduction, chalcopyrite and pyrite
transform to bornite and troilite respectively with the elimination of

a considerable amount of sulfur.

SCuFeS, + SCuFeS) ¢ + 1/2 S, | ceee(12)
SCuFeS, o + H, » CucFeS, + 4FeS + H)S ' e (13)
7FeS, > Fe,Sg + 35, . (18
Fe 8¢ + H, - 7FeS + H,S o | ....(15)

The calcine from the above treatment is subjected to an acid leach,
where the troilite dissolves.
80°C

FeS + HZSO4 = FeSO4 + HZS eeo. (16)

The solution containing the dissolved iron is subjected to oxydrolysis
with ammonia to precipitate jarosite. The residue from the acid leach
. éontaining the chalcopyrite is then subjected to an activation 1each
removing zinc, other base metals and iron. The residue from the acti-
vation leach enters the oxidation leaching stage where the 1eaching
takes place for about 3 hoﬁrs at 110°C and 100-200 psi oxygen over-

pressure.

5°°% 2°% 4 4 2

CucFeS, + 6H,S0, + 30, + 5CuSO, + FeSO, + 45° + 6H,0 ....(17)

The residue ‘from the above leaching is sent for recovery of elemental

sulfur by flotation and for precious metals recovery. The pregnant

liquor is purified by high teﬁperature oxydrolysis.. The copper is then
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recovered by electronwinniﬁg as wi?e grade product. A simplified flow
diagram of the process is given in Figure 7.

The éherritt Cominco Copper Process claims several advantages. It
enables the treafment of relatiQely low grade concentrates, with high
recoveries of copper as well as associated zinc, molybdenum, nickel and
cobalt. Sulfur is recovered in the elemental form and iron is rejected
as jarosite. Excellent precious metals reccvery has been repoxjted.39
On the whole, the S-C Process claims to be a safe, hygienic, and commer-
cially viable hydrometallurgical process for the treatment of a wide
range of copper concentrates.

Acid leaching of mattes has been examined in the laboratory, test-
ed in the pilot plants and is commercially practiced. From their in-
vestigations on acid leaching of white matte, which is related to the
natural mineral chalcocite, Dobrokhotov and Maiorova40 have reported
the folloWing two main reactions to be taking place simultaneously and-

in parallel:

CuZS + 2.502 + H2504 = 2CuSO4 + HZO ....(18)

- °
CuZS + O2 + 2H2804 = 2CuSO4 + S° o+ 2H20 ‘ ee..(19)
-Pearce et 31.41 at the Sherritt Gordon Research Laboratories have

reported the studies of acid leach on a high cobalt matte containing
nickel, copper, iion and sulfur. Leaching at 121°C at 95-100 psi pres-
sure with air for 8-10 hours extracted more than 98% of the nickel and
cobalt and 90% of the copper. Figure 8 shows the.flowsheet of the écid
leach for the nickel-copper-cobalt matte as proposed by Pearce et al.
Working on mattes obtained by smelting bulk flotation concentrates of

the Duluth complex ore, Haas et al.37 have reported copper and nickel
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extractions of ovér 90% when leached with 100 grams/liter stO4 at 180°C
and 357  si air pressufe. Table 5 gives relevant data on acid leaching
of mattes by different investigators.

Several comﬁercial practices on matte leaching by acid are current-
ly in operation of which special mention should be made of AMAX's Port
Nickel refining operations,42 the Outokumpu refining operations at
Harjavalta, Finland,7 and the process employed at the Rustenbﬁrg Platin-
ﬁm Mines in South Africa.43 At AMAX's Port Nickel Refinery, nickel-
copper matte is subjected to an atmospheric leach, where 50-60% of the
contained nickel and cobalt dissolves. The partially leached solids
are then subjected to a two-stage pressure leach at.205°C and 600 psi
using spent electrolyte from the copper tankhouse. Copper is recovered

by electrowinning, cobalt is precipitated as cobalt hydroxide and sub-
sequently reduced to cobalt metal by hydrogen gas, and nickel is separ-
ated as pure nickel solution and is subjected to hydrogen reduction
which yields pure nickel powder. The hydrogen reduction circuit of
nickel and cobalt also produces ammonium sulfate as by-product which is
purified and sold as crystalline ammonium sulfate. A fléwsheet of the
above process is shown in Figure 9.

Acid leaching is alsa employed by the Outokumpu refinery at Har-

javalta, Finland for its high;grade nickel-copper matte. The matte is
- ground and subjected to a two-stage leach in a set of tanks using

partially decopperized free acid solution from the electrolytic tank.
Copper and nickel are recovered byvelectrowinning.: A flowsheet of the

Outokumpu refining operation is given in Figure 10,
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In Rustenburg Platinum Mines, South Africa, copper and nickel are
obtained as by-products, the main objeét of the plant being the ex-
traction of platinum. The flotation concentrate consisting of copper,
nickel and ironlsulfides with platinum minerals; is smelted in a series
of blast furnaces, tapped to converters and blown to high-grade matte.
The finely ground matte is then leached with sulfuric acid under pres-
sure to recovery copper and nickel as sulfates which are then subjected
to normal electro-refining techniques. The residue, containing the
platinum minerals is then subjected to chemical refining to recover

the platinum.

Ferric Sulfate Leaching

The earliest investigations on acidic ferric sulfate leaching of
copper sulfides were conducted by Sullivanﬂ'z3 and Brown.44 Several
investigations have beeﬁ carried out on ferric sulfate leaching since
the early 60's, including studies by Dutrizac45'47 and Thc)masd'g’49 on
the effects of various parameters on ferric sulfate leaching of differ-
ent synthetic minerals.

A brief examination of the behavior of ferric ion in leaching
solutions is well worth the effort, especially because published in-
formation on this subject is not very extensive. Figure 11 gives the

Eh-pH diagram for the Fe—HZO—CO2 system at 25°C, from which much valu-

able information can be gleaned. The trivalent species of irom is
stable at low pH and high oxidation potentials. In other words, solu-

tions containing trivalent iron are strong oxidizing agents with as-

sociated oxidation potentials of about +0.8V. Hence, when a metal

s
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sulfide (MS) is immersed in an acidified ferric ion solution, the follow-
ing reaction is predicted according to thermodynamic data:
2+ 2+

MS + 8Fe>' + 41,0 » M+ S0, + gH' + 8Fe

.0.‘(20)
Although the above relation indicates the formation of sulfate sul-

fur, in practice it has been found that considerable amount of elemental
sulfur is produced. Hence, the leaching reaction can also be represented

in the following form:

MS + 2Fe>t > MY + 2Fe 4 g° ‘ e 2D

The Eh-pH diagram in Figure 11 also brings out soﬁe of the diffi-
culties associated with ferric ion leaching. It is seen that the stabil-
ity range of ferrous ion is much greater than that of ferric ion. The
presence of ferrous ions in ferric ion leaching solutions causes prob-
lems in two ways. The ferrous ion in the leach liquor proves trouble-
some in the metal recovery stage because of the difficulty of removing
tﬁem. Also, the ferrous ion content has been proved to be detrimental
to the efficiency of extraction of copper in ferric sulfate solutions.51
A further limitation of ferric ion leaching solutions is that they are
very sensitive to tmeperature and pH changes. Also, an obvious dis-
édvantage as seen from Figure 11 is that at pH above 3 precipitation
of ferric hydroxide occurs and becomes more pronounced at increasing
temperatures. Precipitation of ferric hydroxide removes the ferric
jons from the leaching solution thus reducing its efficacy,

But in spite of these, two ferric ion 1eéching ﬁedia have evoked
considerable interest, The ferric sulfate leaching and ferric chloride
leaching have both been subjects of investigation in the 1930's or

earlier. Both ferric sulfate and ferric chloride are readily soluble
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in cold water, as are their corresponding ferrous salts. Thus concen-
trated ferric solutions can be used with little danger of salt crystal-
lization occurring. - Studies on both ferric sulfate and ferric chloride
solutions have fevealed certain basic behaviors in each of them, but
thorough and fundamental information on them is lacking.

Dutrizac and MacDonald52 have presented an‘excellent review of the
ferric ion as a leaching medium. Ferric chloride is recognized as a
stronger reagent than ferric sulfate, and Jones and Peters" . have re-
ported that the rate of leaching in ferric chloride solutions was 5-20
times greater than in ferric sulfate solutions. Based on studies of the
two leaching reagents on chalcopyrite, these authors report that sub-
stantial sulfur oxidation to sulfate occurs only in ferric sulfate solu-
tion, while ferric chloride leaching yielded almost quantitative element-
al sulfur formation. Above a very low level of ferric ion concentration,
the leaching reaction in ferric sulfate solutions was found independent
on Fe3+, but in fefric chloride solutions, increasing Fe3+ concentration
produced beneficial resplts. Further study into thisAobservation may
yield interesting results of both theoretical and practical value, On
the other hand, increasing ferrous ion concentrations produced no effect
in ferric chloride solutions, but was seriously detrimental to the metal
extraction in sulfate solution. Ferric chloride leaching thus outweighs
ferric sulfate leaching in its advantages, and this has led to the de-
velopment of several interesting processes which are briefly reviewed in
the mext chapter. '

Dutrizac et al.45 have reported the results of leaching discs of

synthetic chalcopyrite at temperatures from 50°C to 94°C in acidic
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ferric sulfate solutions containing ferric ion of 0.001 to 0.6 molar.
The reaction has been .found to obey the following stoichiometric rela-

tion:

= CuS0, + S5FeSO, + 2S° e (22)

CuFeS, + 2Fe2(804)3 4 4

2

The critical ferric ion concentration has been reported to be 0.01
molar above which the rate of reaction is independent of the concentra-
tibn. The rate decreases with time t, and has been found to obey a
parabolic law of the form C = K/, where C represents the amount of
copper dissolved. This result has been attributed to a'constantly
thickening layer of elemental sulfur on the surface which retards the
progress of the reaction. Dutrizac et al. have further reported that
the rate of reaction is controlled by the inward diffusion of ferric
sulfate below the Fé3+concentrate of.0.0lM and by the outward diffusion
of ferrous sulfate above the concentration of 0.01M. The reaction has
been found to be independent of pH, disc rotation speed and fine grinding
of the concentrates, but is sharply dependent on ferrous ion concentra-
tion. Jones and Peter551 have also reported that ferric sulfate soiu—
tions attack the mineral particles in selected areas, especially in
fissures and grain boundaries, leaving a large part of the surface
unattacked. This places limits on the extent of size reduction on the
mineral particles carried out in order to imprové the leaching rate and
extraction efficiency. Table 8 gives the results of investigators on

.‘

ferric sulfate leaching. »
There is no known commercial practice of direct ferric sulfate
leaching of copper or nickel concentrates and hence information on the

tailings analysis is not available. Ferric sulfate leaching in practice



TABLE 8, RESULTS OF INVESTIGATIONS ON FERRIC SULFATE LEACHING

Leaching Conditions

¢

Sample Temp préss, Results, % Extraction
Author(s) Mineralogy Mesh Size - Conc Time °c psi Cu Ni sTe Fe
* Sullivan, J. D.23  Bornite 1008 -100 5% FeSt . 7 days 35 . - 77. - 45.3  35.8
(CuSFeS4) . 0.5% H2504
MRRC36 } Complex 1008  -150  2.2% Fe>' 3 hours 150 300 48.2  71.4 - 56.9
chalcopyrite + 2% H;50,

cubanite +
. pentlandite +
. pyrrhotite
" (Duluth gabbro
bulk sulfide
concentrate)

*S® represents sulfur in elementgl form
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may be seen in dump and in situ 1eaéhing of copper and uranium ores.
Scientific interest in this subject is véry active especially due to
its close association with bacterial leaching. The advantages in the
above leaching teéhniques are the low cost of operation and their
simplicity; the chief disadvantage is the long duration of extraction

of the sought-after metals.

Ferric Chloride Leaching

The leaching technique using ferric chloride has been investigated

as early as 1916 and has been the basis for several pate‘nts.sgq56 Also,

Trail and McClelland,57'59 and Sullivan?l-23

have reported the results
of their studies of the effect of various parameters on ferric chloride
leaching. More recently, Haver and ang60 of the Reno Metallurgy Re-
search Center have developed a leaching process for chalcopyrite con-

.

centrates using ferric chloride as the lixiviant. Other recent pro-

-esses developed along similar lines are the UBC-Cominco process,
the Duvai CLEAR process,61 the Cymet process,62 and the new Cyprus
process. 3 Table 9 gives the results of the various invéstigations on
ferric chloride leaching. |

Essentially, the technique consists of agitating finely ground

concentrates with a strong solution of ferric chloride at a temperature

of about 100°C. " In the case of chalcopyrite, the following reaction

takes place:

CuFeS,, + 3FeC13 = CuCl + 4FeCl, + 28° ) e (23)

3 . . .
Roman and Benner 4 have proposed the following two-stage mechanism, in

which the cupric ions plays a major role as an oxidant,
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TABLE 9. RESULTS OF INVESTIGATIONS ON FERRIC CHLORIDE LEACHING
. Leaching Conditions
Sample Conc Temp Time, Results, % Extraction
Author (s) Mineralogy Mesh Size. g/ °C hrs Cu Ni S7 % Fe
Trail, R, J. and Anulet ore - - 77.1 Pe’y 9095  75/6 90.2 -  68.1 731
McClelland, W, R37. concentrate (70.85 Fe“ ')
(pyrite-
pyrrhotite-
chalcopyrite
concentrate) ) R
" Haver, F. P. and Chalcopyrite 98.9% ~325 212 Pés* 106 2 99.9 - 70.5 73.7
Wong, M. M, '
*Milner et al56 - Chalcopyrite 95% =325 128.5 Fe;+ 100 9 99.5 | - 79 -
+
{16.0 Fe°')
““Kruesi, P. R. et a1%%  Chalcopyrite  95% -200 - 75-80° - 99 - 8 -

* UBC-Ceminco Process
*+*Cymet Process

* #ex5°% represents sulfur in elemental form

e,

187
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CuFeS, + 4FeCl; - CuCl, + 5Feg12 + 25 el (29
CuFeS, + 3CuGlz + 4CuCl + FeClz + 28° .ev . (25)

Thus ferric chloride leaching is in fact cupric chloride lcaching. This
point of view has been substantiated by Jones and Peterss1 on the basis
of mixed potential studies.

Ferric chloride proves to be a strong lixiviant for chalcopyrite on
accéunt of the high Fe3+ concentrations that can be utilized. Further
advantage is gained by the fact that the leaching in chloride solutions
is unaffected by increasing Fez+ content. Microscopic studies on chal-
copyrite by Jones and Peterss1 have revealed that ferric chloride at-
tacks the entire surface of the mineral particle, thus making the ex-
traction dependent on the surface area of the particle. Hence fine
grinding was found to be beneficial to improve extractions. Also, higher
temperatures contributed to better extraction efficiencies.

In the technique developed by Haver and Wong, copper is recovered
from the.leach solution by cementation on sponge iron. Excess iron in
the leach solution is removed by crystallizing part of tﬁe ferrous chlor-
ide‘by roasting in air in a multiple-hearth furnace. The remaining
ferrous chloride in the solution is then chlorinated to ferric chloride
which is recycled. The residue is treated for fhe recovery of elemental
sulfur, and then subjected to cyanidation to reco?er gold and silver,
Figure 12 gives the schematic flowsheet of the gbove technique,

The technique claims several advantages, The'iow energy demand,
competitive costs, and the ease of regeneration of the ferric ions are
notable merits, The high solubility of the chloride ions and their

ability to complex copper readily make this technique more attractive
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than the ferric sulfate léaching £echnique. This method also possesses
the advantage of the possibility of Coﬁpletely recovering the precious
metals from the residue. But serious limitations envisaged in this
technique are cdrrosion problems arising in material handling and pro-
cessing, requiring special materials of construction. Alsc of important
consideration is the adverse environmental effects brought about by the
chloride fumes and mist.

The UBC-Cominco process was developed and patented jointly by the .
investigators at the University of British Columbia and Cominco Ltd.56
The basic difference between this technique and the one proposed by.
Haver and Wong is the method adopted for winning the copper. In the
UBC-Cominco process, metallic copper is added to the leach solution,
containing cuprous, cupric and ferrous chloride, in order to reduce the
cupric ions to cuprous ions. The cuprous chloride is then crystallized
out, and the crystals are treated with hydrogen to form metallic copper

and hydrogen chloride, according to the following reaction:

CuCl + 1/2 H, * Cu + HC1 «...(26)

The flowsheet for the UBC-Cominco process is given in Figure 13.
The advantages claimed for this process are very high copper extractions
(99.95%), high yield of elemental sulfur (>98%), production of iron
- oxide suitable for sponge iron manufacture, total recoverability of pre-
cious metal values and the production of metallic copper that is market-
able without refining. However, the same limifations associated with
ferric chloride leaching processes apply to this technique, namely

corrosion and envirommental problems.
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The Duval CLEAR (Copper Leaching, Extraction And Refinihg) process
developed by the Duval Corporation is based on the general technique of
férric chloride leaching.61 The notable features are that copper ore
is added to reduce cupric ions to cuprous ions and the recovery of metal-
lic copper is accomplished by electrolysis. In addition, this technique
provides for the control of the inventory of reactive chloride ions in
the process liquor through the addition of a suitable saline metal
chloride. The three stages of the prdcess, namely reduction stage,
electrolysis stage, and the combined oxidation, regeneration-purge
stage for chalcopyrite can be represented by the following partial

reactions:

(a) Reduction stage:

2CuFeS, + 3CuCl, ¥ 4CuCl + FeCl, + 25 + CuFeS e (27)
2 2 . <y \ i ZJ
b c
(b) Electrolysis stage: (b) : ()
4CuCl + FeCl, + 2Cu + 2CuCl, + FeCl, e (28)
. % J
]
. s (c)
(c) Combined oxidation, regeneration-purge stage:
CuFeS2 + 28 + 2CuCl2 + FeCl2 + 3/2 O2 + 3H20 >
3CuCl, + 3Fe(OH), + 48 ' ... (29)

A flow diagram of this process is given in Figure 14. Though the
reactions indicate the final iron product‘as iron oxide, in practice the
precipitation of potassium jarosite is implemented, which acts as an
effective control mechanism for iron and sulfate-ions in the system.

The residue consisting of elemental sulfur, jarosite'and other insoluble
matter is further treated by conventional methods to remove sulfur,

jarosite and any insoluble precious metals present. Details regarding
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the feasibility studies and experimental results of this technique are
not available, The same limitations applicable to other chloride pro-
cesses are expected to be present in this technique also.

The Cyprus'Metallurgical Processes Corporation has developed the
Cymet Process,62 which is an extension of the ferric chloride leaching.
It combines ferric chloride leaching with anodic dissolution of the
unreacted sulfides, A 25-tons-of-copper-concentrate per day pilot plant
based on this process was reported to be in opération in Tucsecn,

The basic chemistry of the process is as follows. Chalcopyrite
concentrate is finely ground and leached at 70-80°C with ferric chloride
in accordance with the following equation:

CuFe52 + 3FeC13‘+~CuC1 + 4FeC12 + 28° v+ (30)

The leach slurry is sent to the anode compartment of the electroly-
tic dissolution cells, where more chalcopyrite reacts to form ferrous
chloride, cuprous chloride and elemental sulfur.

+

CuFéSz + 3HCL - 3e > CuCl + FeCl, + 25° + 3H el (31)

At the cathode, cuprous chloride is reduced to copper

3CuCl + 3e - 3Cu + 3C1° : ....(32)
34" + 3C17 + 3HCL e (33)

The ferrous chloride is purified and sent to electrolytic iron
cells, where elemental high purity iron is produced and ferric chloride
is regenerated and recycled.

Cathode:

3FeCl, + 6e + 3Fe® + 6C1° v (34)
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Anode:

6FeCl, - be + 6C1~ - 6FeCl ee.. (35)

3

From pilotlplant tests, it is known that about 50 percent of the
copper is dissolved in the ferric chloride leaching step and another 30
percent in electrolytic cells and 20 percent is recycled by flotation.
The overall extraction of copper is more than 98 percent. About 85
percent of the elemental sulfur is recovered. Figure 15 gives a simpii-
fied flow diagram of the Cymet process for chaléopyrite concentrates.

The chemical analysis of the feed and products of the Cymet pro-
cess is given in Table 10. The tailings arise from the rougher flota-
tion circuit of the leach residge carried out after the removal of the
elemental sulfur. It is seen that the tailings contain a considerable
amount of iron and sulfur besides insoluble matter. The iron may be
chiefly in the form of undissolved pyrite or pyrrhotite and also may
arise from unrecovered ferrous chloride. The bulk of the sulfur in the.
tailings may be in the elemental form and that associated with pyrite
or pyrrhotite. Gangue minerals associated with the concentrates may
account for the amount of insoluble matter in the tai}ings.

As can be seen from its chemistry, the unique feature of the Cymet
process is the production of high purity, by-product iron. The process
holds special advantages of economy, amenability to low grade concen-
trates, high purity final products and absence of air and water pollu-
tion. However, the process is dictated by powér cqsts and market for
iron. Additional disadvantages are the production .of copper powder
which requires further refining, and technological and corrosion prob-

lbems involved in the operation of slurry electrolytic cells. Because
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Table 10.

Chalcopyrite Flowsheet
Chemical Analysis of Feed and Products 62
Elements Chalcopyrite Tailings Copper Refinery Sulphur
Feed % Powder Ancde Product
% i % Sludge % %
Cu 27.1 0.8 90+ 46
S 32.1 20.0 0.35 0.48 99
Fe 27.5 19.0 © 1.1 0.75 }
Zn 0.26 Trace 0.1 -
Mo 0.22 0.56 - -
Pb 0.07 Trace 0.27 12.0
Sb 0.04 Trace 0.01
As 0.03 Trace <0.005
Bi 0.02 Trace 0.032
Se 0.008 Trace 0.0007 0.03
Insoluble 12.24 60.1 -
Ag - 2.4 oz/ton . 0.3 oz/ton 0.02 0.48
Au 0.04 oz/ton 0.0 oz/ton -
Electrorefined Electrolytic Iron
Copper Product
Cu 99.95% Fe 99.53%
Following Trace Following Trace
Elements Detected: Elements Detected:
Al 20 ppm Cu 500 ppm C 80 ppm
Fe 20 ppm S 3 ppm Hop 50 ppm
Mg 50 ppm : Mo 30 ppm Nop 30 ppm
. 8i 25 ppm Pb 100 ppm Al S0 ppm
Pb <10 ppm Oz 350 ppm Ni 150 ppm

P 20 ppm
Cu Recovery 99%
Mg Recovery 97%
Au Recovery 60%
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of its shortcomings, the Cymet process has been shelved in favor of a
newe~ ~~d much improved process developed by the Cyprus Mines Corpora-
tion and named the Cyprus Copper Process.

Although tﬁe Cyprus Copper Process was developed for the extraction
of copper from concentrates produced from porphyry ores, it is adaptable
to other copper-bearing concentrates.65 Figure 16 shows the flowsheet
for the process as applied to chalcopyrite concentrates.

The concentrate is subjected to a cuprié ion leach in a chloride
médium, which generates cuprous ions (Cq+). The pregnant liquor after
filtration is subjected to a crystallization étep whereby cuprous chlor-
ide crystals are obtained. After separating the cuprous chloride crys-
tals, the liquor is subjected to an exothermic oxidation which converts
)

This is sent to the second-stage leach where a ferric ion leach of the

. . 4 . . it
the cuprous ion to cupric (Cu ) and ferrous iom to ferric (Fe

unreacted concentrate of the first-stage leach takes place, extracting
the remaining copper and converting it into cupric ion. The liquor is
sent to the first-stage leach and the underflow is sent to tails washing
to remove trace copper and to a flotation circuit to recover molybdenite
and elemental sulfur.

The cuprous chloride crystals are reduced to metal by injecting the
crystals into a fluidized bed of sand in a medium of hot circulating
hydrogen. The following reaction takes place:

CuCl + 1/2 Hy + Cu + HC14 ‘ el (36)

Copper is deposited around the sand particles forming nodules which
are withdrawn when they are approximately 92 percent copper and 8 perm

cent sand. The hydrochloric acid vapor generated is scrubbed and re-
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turned to the hydrometaliurgical circuit, The copper nodules are fed
to a melting furnace and minor contaminants are removed by slagging,
after which the pure copper is poured into wirebars, '

The Cyprus Copper Process is hailed as a 'technological break-
througﬁ” because of its low consumption of reagents, power and labor,
amenability to a high degree of automation, pollution-free operation,
and applicability to all kﬁown sulfide copper concentrates. The pro-
cess claims a significantly lower capital cost per ton of copper than
that for conventional smelting and refining facilities, It also per-
mits economic construction of relatively sﬁall plants which can be
tailored to the size of mine output. The operating costs per pound of
copper for the Cyprus Copper Process have been estimated at 16.7 cents

per pound of wirebar, including twenty-year depreciation and excluding

by-product metal credits,

Nitric Acid Leaching

Application of nitric acid as a leaching agent for metal
sulfides has been reported as early as 1909.66 Several processes

based on nitric acid leaching of copper sulfides were patented67’68

and even reached the pilot plant stage.69.71 A But none of
these emerged as a commercial operation because of the excessive .
costs of nitric acid, the absence of proper technology to regen-
erate the acid from the nitrogen okides produced as a reaction

product, and difficulties in recovering the copper from solution.34

Then, after a period of more than thirty years, interest in nitric
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acid leaching revived whén Schaufelberger72 patented a process for
leaching copper and other metal values from arsenide ores, employ-
ing a mixture of nitric and sulfuric acids as lixiviant. Several
investigators have since then studied the effect of nitric acid

73,74

on metal sulfides, both per se and as a catalyst in sulfuric

acid leaching.75’76
The basic chemistry of the nitric acid leaching on chalco-

1.7% a5 follows. Initially,

pyrites has been given by Prater et a
the oxidation bf sulfide sulfur to elemental sulfur takes place
with the formation of soluble copper and iron salts. -Subsequently,
the elemental sulfur is oxidized to sulfate depending on conditions.
The continued formation of copper and iron salts leads to the neu-
tralization of sulfufic acid. When the free acid has been consumed

the ferric sulfate hydrolyzes and precipitates from solution as

hydrogen jarosite. An idealized equation for the above-mentioned
reactions may be given as follows: '

6CuFeS2 + IQNHO3 + 10H2804 - 6CuSO4 + 10NO+ + 12S°¢
3Fe205 . 4SO3 . 9H20+ + 6H,0 _ eee s (37)
However, in practice the idealized situation mentioned above
may not exist exclusively. Some copper nitrate is formed and remains
in solution as small quantities of ferric salts and acid. Also,
depending on'conditions, part of the elemental sulfur may be oxidized
to sulfate and NO, may be evolved instead of‘NO._ Figure 17 shows the

flowsheet for nitric acid leaching of copper concentrates proposed

by Prater et al.
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The reactions taking place in nitric acid leaching of sulfides
is not yet clearly understood, and further study is needed in this
area. .Depending on the acid concentration, either NO or NO2 or a
definite ratio of both gases are produced. This can be seen from

the following equations and Figure '18,

6CuFe82 + 10HNO3 + 1SHZSO4-* 6CuSO4 + 3Fez($04)3 +

10NO + 128° + 20H29 ees . (38)
ZCuF682 + 10HNO3 + 5H2804‘* 2CuSO4 + FeZ(SO4)3 +

10NO2 + 48° + lOHZO : e...(39)

From Equatiéns 2 and 3 it can be noted that for the same amount of
nitric acid, three times as much copper can be extracted when NO is
the reaction product. Hence reaction (38) is favored. However, the
whole situation is further complicated by the fact that NO and NO;

react with water and oxygen in the following manner:

NO + 1/2 0, > NO, ... (40)
3NO, + H,0 + 2HNO, + NO vee . (41)
2NO + 3/2 0, + H,0 + 2HNO, ver . (42)

Thus nitric acid concentration is an important consideration. By

controlling the nitric acid concentration, almost exclusive evolution

3
nearly pure NO was produced. In the flowsheet proposed by Prater

of NO may be possible. Studies show that below 25 percent HNO

.73 . '
et al. the NOx gas mixture evolved from the leach was taken to
an absorption tower where it was contacted with cold water in the

presence of 02 to regenerate HNOS.
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Table 11 gives the data on diffe%ent investigations of nitric
acid leaching of sulfides. The metal ektractions in nitric acid
leaching were found to be depéndent on acid concentration, mineral
type, particle size, temperature and time.73 Studies on chalcopyrite
ane indicated that copper recovery increases with increasing time,
acid concentration and temperature.74 Dissolution of iron follows
the same trend as that of c0pper.74 Studies on nitric acid leaching
of a low-grade nickel-copper sulfide concentrate indicated that
nickel recovery increases with increasing time up to ébout one hour,
and increases with increasing acid concentration up to 30 percent
HNO3 at which concentration almost total recovery was achieved.77
Prater et a1.73 have reported that among the copper sulfides tested,
tetrahedrite was the most easily oxidized mineral and chalcopyrite

the least. Table 12 gives the relative reactivity of different copper

sulfides tested, as reporfed by these authors.

The most desirable sulfur product in nitric acid 1e§ching is
elemental sulfur, and hence conditions are chosen to increase the
net yield of elemental sulfur by maximizing the formation reaction
of elemental sulfur and minimizing the oxidation of elemental sulfur
to sulfate. It has been reported that the formation of elemental
sulfur rather than sulfate is promoted by increasing either the

leach temperature or the HNO3 concentration when a deficiency of

HNO, is present.73 On the other hand, overall S° yield is decreased

3

with increased HZSO4 concentration. But, increasing leach temperature

and HN03 concentration also accelerates the oxidation of S° to sulfate.
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TABLE 11. RESULTS OF INVESTIGATIONS ON NITRIC ACID LEACHING

Leaching Conditions

Conc of Results
Feed HNC< Temp % Extraction
Author (s) Mineralogy Mesh Size % (°c) Time Cu Ni N
Prater, J.D., Chalcopyrite + - - 50 95 40 min 99.8 - -
et al.’3 bornite + pyrite '
concentrates
Habashi, Fathi’’ Pyrrhotite + 1005  -400 30 100 8 hrs  86.5  98.5  65.5
pentlandite +
chalcopyrite
- concentrates
Habashi, Fathi’4 Chalcopyrite - - 2.5 100 8 hrs 82 - 47.2

concentrates -

09
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Table 12. Relative reactivity and elemental
sulfur yield of pure minerals leached with
nitric acid.
Elementa] Soliar
Relative Yield, % of
Mineral Reactivity - Reacted Sulfar
CuaSbs; 10
Cus 8 78
Fes 7 60
FeS, k] 3
Cues; s 55
Cus [ 50
Cu:Fes, 5 60
CuFeS, 2 45
1
v
> g \
o
© |
i/
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Hence, it appears that an optimum value of temperature and HNO:,>

con. ....ration exists for maximum net yield of S°. Habash'174 Teports
that for chalcopyrite elemental sulfur recovery increases with
increasing time and temperature up to 100°C when leached by dilute
écid (7.5 percent HNOB). When concentrated acid (60 percent HNOS)
is used, the S° increase initially formed decreases with time and
temperature. The yield of elemental sulfur was also found to be
dependent on the mineralogy of the feed. The best S° yields are
given by chalcocite (CuZS), bornite (CuSFeS4) and pyrrhotite (FeS),
pyrite giving a low elemental sulfur yield. Chalcopyrite gives a
yield of intermediate value.73 Sulfpr recovery as elemental sulfur
under most favorable conditions for nitric acid leaching of chalco-
pyrite'was found to be 40 to 50 percent.?

The behavior of iron in nitric acid leach circuit is of particular
interest. By proper adjustment of leaching conditions, iron is

precipitated as hydrogen jarosite (3Fe ‘4803'9H20), which is

203
crystalline, readily filterable and does not entrain copperl”3

The formation of hydrogen jarosite is favored by high.pH, high
temperature, high percent solids and a reasonably high sulfate
concentration. The pH increase is caused by the gfadual consumption
of HNO3 and H2804 as seen from the following reaction:

6CuFeS. + 22HNO. + 9HZSO

2 3 4 > 6CuSO4 + 3F62(804)5 +

22N0 + 6S° + 20H,0 _ e (43)
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This rise in pH precipitates iron as hydrogen jarosite according to
the "r'lowing reaction provided favorable temperature and percent
solids prevail:

4

+ 4+ = > . . +
6Fe + 450, + 14H,0 > 3Fe,0.°450,"9H,0 + 10H ...l (44)

The formation of hydrogen jarosite is dependent on the sulfate concen-
tration.' If adequate sulfate is not available in the leach solution,
then formation of 2Fe203'5H20 takes place instead of hydrogen jarosite.
Severe deficiency of sulfate results in the precipitation of FeO-(OH).73
Nitric acid leaching claims several advantaées?3 It achieves
high extraction of copper, solubilization at moderate temperature,
moderate pH and atmospheric pressure, and recovers a poftion of the
sulfur in the elementél form. Another notable feature is the efficient
rejection of iron into the leach residue as easily filterable hydrogen
jarosite., The disadvantages of this leach system chiefly lie in the

absence of previous experience of commercial operation, and handling

of nitric acid and nitrogen oxides which are dangerous materials.

Winning of cbpper from the liquor and recovery of precious metals
also prove to be difficult in the nitric acid leach system.

A process claiming the above advantages of nitric acid leaching,
and in addition reporting effective copper electrowinning from leach
liquor, recovery of precioﬁs metals and environmentally acceptable
disposal practice, has been developed by the E.I. Dupont de Nemours
Company.76 Named "The Nitric-Sulfuric Leach Process" (Figure 19),
it has demonstrated 99 percent copper leaching from chalcopyrite and

production of cathode grade copper. Process evaluation, carried out
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by the Kennecott Copper Cbrporation, has shown that the process is
competitive with pyrometallurgical and other hydrometallurgical pro-
cesses. Process improvements of the NSL process is underway to further

reduce costs and make the process commercially more attractive.

6. Bacterial Leaching

Bacterial leaching of sulfide minerals has been a much studied suﬁ—
ject ever since Colmer and Hinkle in 1947 first demonstrated the role of
bacteria in leaching.78 In 1949, Temple and Colmer successfully isolat-
ed the bacteria, Thiobacillus ferrooxidans, from the drainage waters
of a West Virginia coal mine,79 and this led to greater interest in
this field. Since then, many investigators have studied the mechanism
and progress of bacterial leaching on various sulfide minerals such as
chalcopyrite, covellite, bornite, chalcocite, pyrite, millerite, pent-
landite, e'cc.soﬂ84

Essentially bacterial leaching involves the oxidation of a minerai
into a soluble and easily extractable form, the bacteria themselves
functioning as a catalyst to the process or as a generating agent of
ferric ions which in turn oxidize the mineral. Several strains of
bacteria are recognized to be contributing to the leaching of sulfide
minerals, the important ones of these being Thiobacillus thiooxidans
and Thiobacillus ferrooxidans. These organisms have the shape of a
bacillus of dimensions of about 0.5 by 1.0-2.0 microns with a single
pole flagellum.85 Thiobacillus thiooxidans has #he ability to oxidize
elémental sulfur, sulfur dioxide and thiosulfate, and draws it energy

from the oxidation reactions. Thiobacillus ferrooxidans is capable of
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oxidizing not only thiosulfates, tetrathionates and sulfides,‘but also
oxidizes ferrous ions to fefric ions in an acid medium. These two
microorganisms are autotrophic and use carbon dioxide as the sole source
of carbon necessary for the generation of cellular tissue and obtain
energy by the oxidation of the aforementioned substances. They thus
live and grow even in strongly acidic environments (pH 1.5-3.0) and in
the presence of many heavy metals which are highly toxic to most other.
forms of life.

Two mechanisms of bacterial oxidation have been postulated. The
direct bécterial attack of the mineral in the presence of dissolved
oxygen has been supported by Razzell,so Bryner et al.,81 Duncan et al.,_82
Beck and Brown,86 etc., and has been demonstrated for some sulfides
such as ZnS and CuS.52 The other mechanism is ﬁhe indirect 1eaching
action of ferric ioﬁ brought about by the bacterial oxidation of dis-
solved iron in the presence of oxygen. Sutton and Corrick,87 Malouf and
Prater,88 etc. have postulated this mechanism to be taking place in
chalcopyrite dissolution, the chief role of bacteria being énly to
provide an active ferric sulfate lixivant. It is probable that both
the mechanisms are operative during the actual leaching, with one pre-
dominating the other depending upon the conditions of leaching, the
minerals involved, and the bacteria in use,

The mechanism of dissolution of chalcopyrite concentrates as pro-
posed by Sutton and Corrick87 follows the scheme given below:
Chalcopyrite initially undergoes air oxidation

+ 40, - CuSO, + Fe804 ce..(45)

CuFeS 2 4

2
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The ferrous sulfate produced is oxidized to ferric sulfate by oxygen

in the presence of bacteria:

bacteria + 2H.0 ... (46)

4FeSO, + 2H,50, + O 23 )

250, 2 2Fe2(SO
The ferric sulfate attacks the chalcopyrite forming more ferrous sul-
fate which repeats the oxidation cycle:

3 2+

CuFeS., + 4Fe'” » Cu2+ + 5Fe” + 28° ... (47)

2
The elemental sulfur generated during the leach is converted to acid
by the bacteria, and keeps the iron in solution: .

bacteria ... (48)

[=]
S +11/2 O2 + HZO Pttt o H2804

Reaction (45) proceeds slowly and hence initial leaching rate is rela-
tively slow, but accelerates with time to some limiting value.

Razzall and Trussell,s3 and Duﬁcan and Trusse1184 studied the
bacterial leaching of millerite (NiS) and pentlandite [(Fe,Ni)QSS], and
reported that the dissolution of nickel from pentlandite was more rapid.
They héve also proposed that the dissolution is effected by direct
bacterial action. This mechanism is further confirmed by Torma89 who
obtained high dissolution rates from pure NiS using iron-free bacterizal
solutions. However, when iron is present in the system, as in the
leaching of pentlandite, it is quite likely that ferric ion attack would
be an additional significant factor contributing to the dissolufion.

The bacterial oxidation of pentlandite has been stated as follows:
(Ni,Fe) gSg + 17 5/8 0, + 3 1/4 H,50, bacteria

4 1/2 NiSO4 +21/4 Fe2(80 + 3 1/4 HZO ... (49)

4)3
Table 13 shows the results of several investigations on bacterial leach-

ing of sulfide minerals, It is to be noted that the investigations vary
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TABLE 13. RESULTS OF INVESTIGATIONS ON BACTERIAL LEACHING USING THIOBACILLUS FERROOXIDANS

Feed Temp  Yield, %
Author(s) Mineralogy Particle Size (°Q) Time Cu Ni
Pinches, A., et al. ‘Chalcopyrite + 2.1 um - 35 - 79.5 -
bornite + pyrite
+ covellite
concentrates
Duncan, D.W., et al, Chalcopyrite 100% -400 mesh - 120 hrs 59 -
concentrates
Duncan, D.W. and Chalcopyrite 100%  -325 mesh 35 33 days i00 -
Trussel, P.C. (museum grade
mineral)
Duncan, D.W. and Millerite 100%  -325 mesh 35 23 days - 58
Trussel, P.C. (museum grade
mineral)

Sakaguchi, H., et al. Chalcopyrite -37 u 35 400 hrs 60 -
concentrates ,

39
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on such details as experimental conditions, leaching medium, procedure
adopted, etc., and hence for additional specific information on the in-
vestigations, tﬁg reader is referred to the references cited.

A review of published information on bacterial.leaching points out
the following as among the chief factors in leaching:gl

(a) An available source of substrate.

(b) Supply of carbon dioxide which is the sole carbon source for'
the thiobacilli

(c) Supply of oxygen.

(d) Supply of essential nutrients like nitrogen.

(e) Water as a carrier of the nutrients including phosphorous, as
a seurce of trace elements, and as a solvent fo: the solvated metal

(f) An acidic environment |

(g) Particle size

(h) Temperature

(i) Additives.

The availability of a substrate is one of the primary requirements
for the oxidation of metal sulfides by the bacteria. If is most de-
sired that the substrate be soluble, like with ferroué sulfate; but for
insoluble substrates, adequate exposure of the sulfide minerals must be
made. This makes particle size of the mineral a very important factor
in metal extractions with bacteria. Razzell et a1.83’92 reported that
copper dissolution was faster with fine particles of chalcopyrite than
coarser ones, and the maximum extraction was obtained with 42ym size

_fraction. Further, studies on synthetic copper sulfides have shown that

‘the rate of bacterial oxidation is almost doubled when particle size is
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reduced from 104 t0 64 um size,gs Hence, fine particles increase the
surfac  rea exposed to the bacterial attack and enhance the dissolu-
tion rates. However, it has been reported that the rate of copper re-
lease from chalc&pyrite increases with decreasing‘particle size down to
sizes below 400 mesh, at which point some other factor becomes rate-
controlling.94 Further limits on the size reduction of the particles
are imposed by the operational problems caused by the poor permeability
of finely ground slimes and the economy of grinding costs.

For effective functioning, bacteria needooxygen, nitrogen, phos-
phate and carbon. In addition, calcium, magnesium and potassium are
beneficial. The supply of adequate oxygen is one of the major con-

siderations in bacterial leaching, and this is illustrated by the fact

~that in the case of chalcopyrite, 2.13 pounds of oxygen are necessary

to release one pound of copper from the mineral. The oxygen is provided
by adequate ventilation and application of water. The aeration also .
provides the systém with carbon dioxide which is the sole source of
carbon essential for bacterial growth. Glucose has also been investi-
gated as a possible source of carbon.go Ammonium salts are the major
suppliers of nitrogen to the bacteria, although urea has been found to
be equally effective.gs The other nutrients are supplied by suitable
additives, Each of these additives appears to have an optimum con-
centration. Table 14 gives the concentrations of typical nurients.34
pH plays an important role in bacterial oxidation, and its effect

has been well investigated and reported.81’83

Bacteria are active be-
tween a pH value of 1.5 and 3.5, and the optimum pH range varies with

the mineral leached. For example, the optimum pH values for chalco-
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TABLE I4.

CHEMICAL COMPOSITION OQF A TYPICAL
NUTRIENT 3
Component Concentration’
(g/h)

(NH4)Z§O4 0,1-5

K,HPO. 0,5-5

KCl 0,05-0,1
At,(so,,);-wH,o 1,0-8,0
MgS0.-7H,0 0,01-3,0
MnSO,-H,0 0,05
Ca(NO3),4H,0 0,01
Na,S0, 0,05
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pyrite, chalcocite and covellite lie between 2.3 and 2.5.96 Above a
pH of 2.5 ferric iron percipitates, and the rate decreases. The de~‘
crease in rate could be due to the coating of the precipitate on the
sulfide particles or due to the removal of the ferric ion oxidant from
the system. Lower limit to acidity may be due to the tolerance of the
bacteria to the H' ions.34

Bacterial activity has been found to closely depend on the temper-
ature. The optimum temperature range for leaching with Thiobacillus
Ferrooxidans has been reported to be between 25 and 45°C96 (Figure 20).
Dissolution rates fall sharply above 40°C and all biological activity
ceases above SO°C.97 However, recent studies have indicated that
bacterial leaching in the temperature range 50°C to 80°C can be achieved
by Thermophilic acidophilic thiobaci:e:ria,g6 This presents the possibil-
ity of higher extraction rates on account of the increased temperatures.
Further investigation is necessary to fully understand this phenomenon.

The effect of solubilization of iron from the metal sulfides in

bacterial leaching :systems has been reported by To’rma.go’98

Iron hydroly-
ses to a basic ferric hydroxide which deposits on the sﬁrface and in-
hibits further bacterial action. Thus the reaction rate decreases from
a maximum value at the start of the reaction to a value dependent on
the diffusion rate through the hydroxide deposit and the reacted shell.

According to the next hydrolysis reactions, the iron precipitate has

the following composition.90

>
Fe,(S0,) 5 + 2H,0 < 2Fe(OH)SO, + H,50, e (50)
1 1/2 Fe,(S0,), + 6H,0 2 H[Fe(S0,), * 2Fe(0H) ]
+ 2 1/2 H,80, .o (51)
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%: - | .
FeS(SO + 6HZQ 2Fe(OH)3 + 3”2804 ... (52)

4)3
The above reactions remove iron from the solution by yielding sulfuric
acid. Thus the removal of Fe+3 ions could also lead to the decrease of
the dissolution rate. These difficulties can be overcome and excellent
ektraction of metals can be achieved by regrinding the residue, in single
or multi stages, to expose fresh surfaces for releaching.

A schematical representation of a microbial batch leaching procéss
for chalcopyrite concentrates is given in Figure 2199 and a simplified
flow diagram of.bacteria leaching of ores and minerals is given in Fig-
ure 22,85 In the process, at the solvent extraction stage, the leached
metal values are transferred from the aqueous phase into the organic
phase. The aqueous phase is then recycled to the leaching step. The
metal values from the organic phase is stripped and sent to the recovery
step. The recycling aqueous solution will contain variable amounts of
organic constituents depending upon the solubility of the solvents used
and the mechaﬁical losses due to entrainment. Studies have shown that
these contaminants adversely affect bacterial leaching of chalcopyrite
by reducing the oxidizing ability of Thiobacillus fgrrooxidans.loo’lo1
Thus the dissolved organics contribute to a reduction in the solubilisa-
tion of metals from the ore or minerals in such a flowscheme and also
represent an economic loss. Further, they alsoc pose hazards if these
solutions containing the organic compounds are released into the environ-
ment, It is recommended therefore that the équegus recycling liquor be
treated with activated charcoal of other inert absorbent to remove all

organic matter before recycling or release into the environment,



Fig. 2] Schematical representation of a microbiological batch leaching process
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Bacterial leaching is associated with the conventional in situ

heap 2-7 dump leaching methods employed for low-grade ores. Several

of these are in operation in the U.S.A. The in situ leaching opera-
tion of the Rancﬁer's Explorations and Development Company at Arizona
handles 4 million tons of about 0.8% copper ore leaching 20 tons of
copper per day.loz’ Another plant in Arizona, Asarco's Silver Bell Uhit,
dump leaches 5 million tons of mine waste containing 0.2-1% copper.
Bacterial leaching technique has the advantagés of low capital cost and
of providing an effective way to treat low grade deposits and wastes
from conventional mining methods. The chief demerit lies in the long
durations of leaching encountered. Though bacterial leaching of copper

and nickel sulfide concentrates has been well investigated in the

laboratory, there appears to be no commercial operation of the same.

However, the investigations suggest that the technique is well suited

for the treatment of sulfide concentrates, and hence warrants further

studies towards commercializing the technique with respect to the

concentrates.



o

™

78

" B. STUDY OF HYDROLYSTS OF IRON

The study of hydrolysis of iron has not been as widely investigated
as warranted by its importance especially in metallurgical processes.
In metallurgical systems, such as the extraction processes of zinc and
copper for example, the leach solutions contain considerable amounts of
iron besides the metal values extracted. In zinc and copper leach
solutions the iron content can be as high as 30 g/% and 60 to 90 g/&
respectively. fhe iron content of these solutions has to be reduced
to very low levels before the solution can be sent to the electrowinning
oF hydrogen reduction circuit. This can be effectively accomplished by
the precipitation of iron from the leach solutions. Iron can be pre-
cipitated in various forms such as jarosite, basic compounds, ferric
oxide and goethite. The form iron is precipitated must be weighed
against considerations such as handling properties of the precipitates,
environmental hazards, economic factors, losy due to coprecipitation or
entrainment of precious metals, etc. Also, in those leaching processes

|

where iron is directly rejected into the residue it is essential to
understand the nature of the iron compound present in the residue. In

view of these, it becomes very important to know precisely the conditions

of formation and behavior of the hydrolysis products both in laboratory

and real-life situations. A good portion of research in this area has
been in connection with the zinc plant residues and this has led to the
Jarosite pfocess, developed independently by the Electrolytic Zinc Co.
of Australiasia Ltd., in Australia, Det Norske Zinkkompani A/S in Nor-

way, and Asturiana de Zinc S.A., of Spain.lo7 Details of the process



79

have been given elsewhere.

Precipitation of iron takes various forms in different systems. In
the‘ammoniacal leach systems, the iron present in the concentrates is
almost completely oxidized to an insoluble hydrated ferric oxide, FeZO3
xHZO, which is reported to form a coating on the sulfide particles. In
the nitrate systems, iron precipitates f;om the soiution as ferric
hydroxide Fe(OH)S, goethite FeOOH, or ferric oxide Fézos, depending on
the temperature and acid concentration. Chloride systems yield ferrous
chloride as the initial iron product which is oxidized to ferric chlor-
ide and recycled tc the leaching circuit, or roasted to ferric oxide

to be used in the production of iron. In the sulfate or b;;5?1fate‘
systems, iron precipitates as jarosites AFeS(SO4)2(OH)6 (where A can
be H30, Na, K, Rb, Ag, NH4, T1l, Pb/2 or Hg/2), basic ferric sulfate
Fe(OH)SO4, or ferric oxide FeZOS’ depending chiefly on the acid levels,
temperature and the type and amount of cations present in the solution.
It is to be noted that while hydrothermal precipitation of iron from
ammoniacal, nitrate and chloride solutions yield relatively simple
products such as okides and hydroiides of iron, the precipitates from
sulfate solutions are more complex due to the formation of a number of
basic salts in addition to oiides and hydroxides. Since our interest

lies in the treatment of sulfides, this discussion is restricted to

the hydrolysis of iron in the sulfate system.

Studies on hydrolysis of iron have been carried out using ferric
sulfate solutions with or without other cationms, and plant leach solu-
tions, and the hydrolysis was investigated under various experimental
conditions. Significant information on the Fe203 - SO3 - H20 system

has been presented as early as 1922 by Posnjak and Merwin.lo3 It can be
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seen from their solid model (Figure 23) that hydronium jarosite (3Fe203'

450, ° “”20), basic sulfates and ferric oxide are formed at various

3
temperatures between 50 and 200°C. Also, as the température increases
the relative amoﬁnts of the hydrolysis products in the system changes.
This is more evident by observing the isothermal reactions of the solid
model at three different temperatures18 (Figures 24-26). At 75°C, hy-
dronium jarosite and ferric oxide monohydrate Fe O3 ) HZO have been pre-
cipitated out of the solution. As the temperature increases the amount
§f 3Fe203 : 4803»' 9H20 increases and that of FeZOS"' H20 decreases, as
can be observed on the isotherm at 110°C. At 200°C, however, 3Fe203 '

450, - 9H20 has completely disappeared from the system, while ferric

3

oxide monohydrate has given way to anhydrous ferric oxide which is

present in large amounts. Also, a small amount of basic sulfate,

Fezo3 * 280, ° H,0 is present in the system. This study thus suggests

3
a sequence of precipitation products as the temperature is increased.
This sequence has been further investigated by Umetsu et al.lo5 who

have demonstrated by means of X-ray diffraction analysis the hydrolysis
of iron at 185°C and 200°C yield the following precipates as a function

of time:

Ferric sulfate (aq) - Hydronium jarosite -+ Basic sulfate -
Fe2(804)3 . (Hso)ng(SO4)2(OH)6 Fe(OH)SO4

Ferric oxide

Fe203

The ferric oxide is thus precipated from ferric sulfate solutions
at 185°C and 200°C with hydronium jarosite and basic sulfate as the

intermediate products.
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The parameters involved in the precipitation of the iron compounds

have "¢ n studied by several investigators.106-108 The chief controll-

ing parameters were found to be pH, concentration of ferrous or ferric

ions and the concentration of sulfate or bisulfate. Further studies

101,109

along these lines by Umetsu et al. have revealed the cation con-

centration to be an additional significant parameter. This is evident
from Figure 27 where ferric oxide Fe203 changed to basic sulfate Fe (OH)
S0, at 60 g/g HZSO4 in absence of ZﬁSO4, but in presence of 50 g/ %

7nSO,, the transition to Fe(OH)SO4 increased to 80 g/% HZSO4' When

4’

80 g/y ZuoSO, was added, the product remained as Fe203 even at 120 g/

4
HZSO4. Similar trend was observed when CuSO4
ZnSO4. In addition, where the temperature of hydrolysis was increased

from 185°C to 200°C, the transition of Fe,0; to Fe(OH)SO4 also took

place at higher concentrations of H2804 with increasing ZnSO4 content

was added in place of

(Figures 28-31). This behavior demonstrates the strong influence of
cationic concentration on the precipitation of Fe,0, and Fe(OH)SO4
from ferric sulfate solutions, and suggests that a similar behavior
could be taking place in the case of jarosites also.

Jarosite compounds, the earliest hydrolysis products according to
the sequence suggested by Posnjak and Merwin and Umetsu et al, have
been found to precipitate a{ temperatures between 90-95°C and pH 1,3~
1.7 (corresponding to 3-8 g/ free acid) from ferric sulfate solutions
containing Na+, K+, or NH4+ ions. Jarosites are a group of compounds
having the general formula AFes(SO4)2(OH)6 where'A can be HSO’ Na, K,

Rb, Ag, NH,, T1, Pb/2 or Hg/2. Dutrizac and Kaimanllo have character-

4°

ized all known jarosite compounds, and Table 15 lists their chemical
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and mineral names as reported by the above authors. The precipitation
of jarosites depends on the temperature, acid concentration and the

. . + + + . .
presence of cations like K , Na and NH, , an increase in temperature
and a decrease in free acid concentration leading to an increase in

jarosite formation.107 In the absence of alkali, hydronium jarosite

has been synthesized in the temperature range 25—170°C.111

From labor-
atory investigations carried out on leach solutions derived from zinc
plant spent electrolyte, Haigh106 has reported the formation of hydroﬁ-’
ium jarosite in the temperature range 170-200°C. , Also, it can be seen
from Figure 32 that formation of natroiarosite is indicated from
temperatures of about 25°C to 200°C. Hence, these facts point to the
possibility that hydronium jarosite and natrojarosite may precipitate
out at all temperatures between 25°C and 200°C, the extent of precipit-
ation and the type of precipitates depending on the temperature and the
solution conditions respectively,

Jarosite seldom precipitates in the pure form; it often exists as
a solid solution of sodium, potassium, or ammonium jarosite and hydronium
jarosite. Precipitation of jarosite greatly depends on the type and
amount of ions present in the solution, and the effects of these should
be clearly understood to enable suitable additions of jarcsite-precip- -
itants when necessary. Addition of stoichiometric amounts of various
jarosite-precipitants to the leach solution showed that above 180°C all
precipitants produced approximately the same effects on hydrolysis,
while at temperature of 160°C and below potassium jarosite was the leasf
soluble among the jarosites studied (Figure 33)., From economic consider-

ations, assuming loss of the precipitant on hydrolysis, Haighlosreports
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that ammonia is preferable to sodium or potassium. Studies on the ef-
fect of ammonia additions to the solution showed that above the stoichi-
ometric level even quite large increases in ammonia additions produced
little effect on the hydrolysis, whereas below stoichiometric levels,
even small changes in ammonia concentrations produced a large effect
(Figure 34). It is thus seen that both the quantity and type of cations
already present in the solution, or to be added in controlled amounts,
can affect precipitation of jarosite.

The reactions of jarosite formation are complex but are summarized
by Steinveit112 (Table 16). A typical jérosite formation reaction is
as follows:

3Fe,(S0,) 5 + 2NH,OH + 10H,0 + ZNH,Fe,(50,),(0H) +

5H,S0 ve..(53)

4
It is seen from above that the process generates acid. This can be

also noted from Figure 35 which indicates the effect of acidity on the

extent of hydrolyéis at 200°C. The initial acidity in the Tests 1-5 in

Figure 35 before the addition of either acid or calcine was 12,4 g/&

H 804. The increase in acidity of the solution leaving the autoclave is

2
contributed chiefly by the hydrolysis and the regeneration of acid.

Since the precipitation of jarosite greatly depends on the acidity level
of the solution, it is neceséary to maintain a low acid concentration
in the solution before hydrolysis. Tozawa113 has derived the Eh-pH re-
lationships involved in jarosite formation and has plotted the Eh-pH
diagram (Figure 36) and the log[Fe+3] - pH relationship (Figure 37).
These indicate that jarosites are stable below pH 2.4 and are quite

oxidizing. Also higher temperatures favor jarosite formation (Figure
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(Lyi 3Fe; (S04) +6H,0 = GFe (OH) S0, +3H,S0,

(2): 4Fe(OH)SOL+4H,0 = 2Fe; (OH) S0, +2H, SOy

(3): 2Fe(OH)SO,+2Fe, (OH), SO, +2NH, 01 = (NH,),Feg(S0y)y (OH)5)+5H,50,
(4): 2Fe (0H)SO,+2Fe;, (OH)y + SO, +Nay SO, +2H,0 = NagFe (S0, )y (OH) | 2+6H, SO0y

(5): ZFB(OH)SOH*ZFEZ(OH)Q'SOH+4H20 = (H30)2FEG(SOH)k(OH)lz*SHzSOg

(6): (1)+(2)+(3):
3Fe2(SOH)3*10H20+2NH“0H = (NH“)zFEG(SOQ)g(0“)12+5H250“
ammonium jarosite

(M) (L) (2)+(4): '
3Fe2(50q)3+12H20+N3250“ & N32Fee(50q)“(0H)12+6H230q

carphosiderite
) (1)+(2)+(5): ‘ ’
3Fe, (504 )3t141,0 = (H30)2F66(Soh)h(OH)12+5H250“
carphosiderite

Table 16. Hydrolysis reactions of ferric sulfate, 114
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38) and the rate of precipitation aecreases as temperature decreases,
but the results published by Haigh indicate that above 180°C, increases
in temperature have little effect on the hydrolysis, but below 180°C
changes in tempefature produce quite a large effect (Figure 39). Jaro-
site precipitates quite rapidly after 1 hour at the temperature employed
(Figure 40) but the precipitation slows down considerably after 2 hours.

Precipitation of iron as jarosite is a convenient way of removing
excess quantities of iron from hydrometallurgical processing solutions.
Jarosites can be precipitated from strongly acidic .media, which thus
obviates the necessity of neutralization; They also have the added
advantage of easy filtering characteristics. Jarosite précipitation

also serves as an effective method for sulfate control in the process.

However, trace metals such as silver, if present in the residue, tend

to precipitate as jarosite, thus making their recovery or elimination
more difficult.llo This disadvantage can be avoided by careful study
and control of jarosite formation.

The jarosite process in operation at the Electrolytic Zinc Company
of Australiasia, Limited in Australia treats the zinc piant residue
containing chiefly of zinc ferrite (ZnO ° Fe203).115 The residue is

leached with spent electrolyte at 70-95°C. Both zinc and iron go into

- solution. The iron is removed by precipitating it as jarosite brought

about by controlling the pH and adding required amounts of aqueous am-
monia to the solution at 90-95°C. The jarosite is filtered out and
washed, and after further purification the iron free solution is sent
to the electrolytic tank for zinc recovery. The jarosite process as

applied to zinc plant residue treatment claims several advantages some
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of which are simﬁlicity oonperation, use of conventional equipment,
easily : ailable reagehts, good yield of metal values from the residue,
etc.

Formation aﬂd behavior of basic ferric sulfates have not been
studied as much as those of other hydrolysis products of iron, Kwok .
and Robins108 have shown that natrojarosite [NaFeBCSO4)2(OH)6] and hy-
dronium jarosite [3Fe203 ) 4SO3 ) 9H20] convert to basic sulfate
[Fezo3 ) 250, ° HZO] at 300°C and pH below 0 (Figure 32), Also, it
can be noted from the figure that natrojgrosite and hydronium jarosite
have very close stability regions. Kunda et a1.116 have reported that

the conditions for hydrolysis of ferrous sulfate to basic ferric sulfate

were 204°C, 20 psi 0, 100 to 150 g/% Fe in the feed solution and 1 hour

~retention time. Also, according to Umetsu and Sasaki}l7 basic ferric

sulfate precipitated from acidic ferric sulfate solutions above a free

at 200°C and above 55.8 g/#& H,SO, at 185°C.

acid level of 69.3 g/ HZSO 2504

4

More study is essential to understand the formation reactions and nature
of basic ferric sulfate.

The precipitation of ferric oxide Fe,0; is generally favored by

higher temperatures and low acid concentrations. Haigh106 reports that

above 180°C, Fe O3 is the main phase precipitated from the leach solu-

2

tions. Based on hydrolysis studied carried out on pure ferric sulfate

solutions, he has shown that at 200°C, FeZO3 is precipitated at low acid

concentrations and a basic compound Fe203 ’ 2803 ' HZO is precipitated
at higher acid concentration. At 180°C, however, the solution yields
Fe203 at low acid concentrations and hydronium jarosite 3Fe203 : 4SO3 '

9H20, at higher concentrations.. There is no mention of the exact acid
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levels involved in the precipitation of these compounds. However, Haigh

reports that below 180°C, ferric oxide precipitates at total acid levels

below 20 g/g H,S0,. Umetsu and coworker5109’117

Ahave investigated the
hydrolysis of acidic ferric sulfate solutions at 185°C and 200°C and
have reported the results (Figures 28-31). Their studies indicate that
at 200°C the hydrolysis and precipitation of ferric oxide occurred up

to the free acid concentration of 69.3 g/yg H2804, above which ferric'
basic sulfate was precipitated. At 185°C, the free HZSO4 limit was

55.8 g/g below which Fe 0, precipitated. There is thus an obvious dis-
parity in results regarding levels of acidity between the Australian

and the Japanese investigators. However, Umetsu et al.w5 have reported
that in presence of ZnSO4, the hydrolysis of iron in the form of FeZOS’
at 200°C, was possible up to a free acid level of about 120 g/y H2804
(Figure 27). This result brings out the possibility that the FeZO3
précipitation could be further affected by the presence of other cationé
in the solution sﬁch as Cu, Ni, Co, etc. and consequently defining the
exact conditions of precipitation of Fe,0, becomes individualistic

and difficult.

Davey and Scott118 have reported their studies oﬁ the Goethite pro-
cess, by which iron is precipitated out of solution in the form of
geothite (FeOOH). Goethite was precipitated from sulfate solutions con- -
taining 30 g/g Fe atb7Q-90°C at a pH of 2-3.5. Kwok and Robins108
have also reported the formation of goethite in 0.001 M Fe+3 solutions
containing Na+, at temperatures below 90°C (Figure>32). Studying the
effect of MgO and NaOH additions to ferric sulfate solutions at 80°C,

Umetsu et al.llg have reported that geethite precipitates at pH 1.0-1.8 .
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when MgO was added. Addition of NaOH to ferric sulfate solutions pre
cipitated natrojarosite tNaFe3(504)2(0H)6] above 10.7 g/2 H,S0, and
geothite below 10.7 g/4 HZSO4’ At 10.7 g/g H2504, a mixture of goethite
and natrojarosite was formed. The geothite precipitated has excellent

filtering characteristics, and the process affords iron removal to very

. small amounts in the solutions. However, geethite tends to be heavily

contaminated with anionic and cationic impurities and as a result re-
quires considerable washing and desorption treatment.

It is worthwhile at this point to briefly review the salient fea-
tures of precipitation of the three main iron compounds, namely jarosite,
ferric oxide and goethite. Jarosite is precipitated at low pH and at
temperatures generally between 90-100°C in the sulfate medium. Natro-
jarosite, ammoninaTOSite, or any other jarosite can be precipitated
selectively by adding controlled amounts of the required cation. Ferric
oxide is precipitated at temperatures around 200°C and does not require
cationic additions. Goethite can be formed at temperatures between 70
and 90°C at pH 2-3.5. It has the advantage that it can be precipitated
from any anionic medium, and does not require the addition of cation.
However, it has the disadvantage of heavy contamination by the cations
and anions of the system. All the three forms of precipitates have ex-
cellent filtering characteristics. A tabular comparison of these three
precipitation processes in shown in Table 17.

It is to be expected that the precipitated compounds are not pure,
but contain other foreign substan;es as contaminants. For instance, pre-

cipitated ferric oxide contains about 1-2% sulfur (Figures 29 and 31)

117
which can be reduced to as low as 0.01% by roasting at 1000°C. In
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Table 17. 118

Comparison of iron precipitation processes
Process

Goethite Jarosite Hematite
Operating conditions
pH 2—3.5 ‘<15 Up to 2% H,S0,
Temperature 70—80°C 90—100°C 2= 200°C
Anion Any 503" only S03” only (?)
Added cations Nil Na*, K*, Nil

required NH; (= R)
Product
Compound formed a-and RFe, (SO,),(OH), a-Fe,0,
. g-FeOOH : :

(a-Fe,0,)

Cationic impurities Medium Low (apart Low '
from “R")

Anionic impurities - Medium® High Medium -
Filterability V. good V. good V. good
Fe in filtrate <1gfl 1—-5 g/l =3¢l

(often .

<0.05 g/1)

3Good scavenger for fluoride in electrolytic zinc plants.

L
. ‘i‘" N
T
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acid solutions, hydrolysis is confined to tri- and quadrivalent elements,
thus enabling separations from lower-valent elements which may contamin-
ate the hydrolysis product. But contamination is still possible by
coprecipitation. Coprecipitation of other ions in the solutions can
take place either by absorption at the surface of the particles exposed
to the solution or by occlusion of the foreign ions during the formaticn

of the precipitates. Absorption of the salts containing the lattice

~cation or the lattice anion normally occurs at the surface of the pre-

cipitates and the absorbability increases with decreasing solubility and
decreasing electrolytic dissociation of the absorbed compound.120 Figure
41 shows the solubility curves for some compounds commonly encountered in
leach solutions. It should be noted that solubility decieases at higher
temperatures and except CuSO4, all the other compounds cited have de-
creasing solubilities above 100°C. Thus it is quite reasonable to ex-
pectAabsorption of foreign ions onto the compounds precipitated at tem-
peratures above 100°C.

Kolthoff and Sandell120 report that when hydrous oxide of ferric
iron is formed with an excess éf ammonia in the presence 6f copper, zinc,
magnesium, etc. hydroxyl ions are primarily absorbed on the precipitates,
with the simultaneous absorption of one of the other ions mentioned.

They further state that the precipitate gets badly contaminated irre-
spective of whether the foreign ions are originally present: in the
solution or are added immediately after precipitation. Dissolving the
precipitate and reprecipitating it one or more times has been suggested

as a method to decrease the amount of the absorbed ions. The precipit-

ation of jarosites also may be accompanied by the precipitation of toxic
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impurities in the solution.: The removal of these impurities from the
solution is variable and depends on several factors such as tﬁe pH of
precipitation, level of impurities in the solution, completeness of
iron precipitation, crystallinity and particle size of the precipitate,
etc.

Table 18 shows the common hydrometallurgical processes generating
a discard iron residue, and the form of iron in the residue.lz1 The
diséard iron generally runs to quite a large volume. For nickei sulfide
concentrates, the discard iron residue equals at least four times the
weight of nickel processed, and for chalcopyrite it is 1 to 1.2 times
the copper processed. Due to these large amounts of iron in the tail-
ings, studies have been made for recovering the iron. In ammoniacal
leach processes, the iron present in the tailings is associated with
unreacted metal sulfiaes, gangue, absdrbed metal ions and ammonium
sulfate, and hence treatment of the iron product to recover the ifon be-
comes difficult. Iron from geothite has been reported'to be easily
recoverable in spite of contaminated zinc or lead. Kunda and Veltman122
have studied the decompoéition of jarosites, both thermal decomposition
and decomposition in an aqueous slurry, and have reported conditions
for recovery of iron from jarosites as hematite or magnetite. Iron
residues from the pressure sulfuric acid, or from nitric-sulfuric acid
leach proéesses? are usually contaminated with unreacted sulfide and
gangue, because precipitation of iron is carrted out during the leach-
ing process. Hence, recovery of iron in a marketable form is more dif-

ficult than even in the case of alkaline leach processes. However,

the process itself can be modified to yield iron in the form of jarosite



o

-y

o

£

100

Process

Process Description

Iron Residue

Ammoniacal pressure leach
for copper or nickel con-
centrates

Roast - leach - electrowin
for zinc or copper con-
centrates

Pressure sulphuric acid
leach for copper or zinc
concentrates

Nitrie-sutphuric acid
leach for copper concen-
trates

Pressure oxidation with air or oxygen in ammoniacal solution;
separation of residue, pressure hydrogen reduction or electro-
winning for metals recovery. Ammonium sulphate by-product

Oxidation roast; hot suiphuric acid leach, iron removal by con-
trolled precipitalion, electrowinning for metals recovery; SO,
by-product

Pressure oxidation with oxygen in sulphuri;: acid solution; iron
removal by controlled pH adjusiment; electrowinning for metals
recovery; S by-product :

Atmospheric leach; iron removal by controlled precipitation;
electrowinning for metals recovery; S by-product.

— mixed hydrated iron oxides
— pyrite

— other unreacted sulphides
— gangue

— sodium or ammonium jarosites
- 'rj;{‘>re(sog);zre(om,.
— Goethite [Fe0.0H]

— Iron hydroxides and hydroxy-
sulphates Fe(SO), OH Fe(OH)s

— pyrite

— gangue

— other unreacted sulphides

— Hydronium jarosite
|3F€203 450; SH,O]

— pyrite

— other unreacted sulphides

— gangue

Table 18. Hydrometallurgical Processes Generating a Discard Iron

.. Residue,

'

121 .

- e D R
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or basic ferric-éulfates which could be processed to hematite or mag-
netit~

The form and behavior of iron in the residue becomes highly signi-
ficant especially in view of its environmental implications. Hydrated
iron oxides, basic sulfates or jarosites, though relatively stable
under atmospheric conditions, have low bulk densities and high ab-
sorption and water retention properties, making complete removal of
soluble metallics difficult.121 In time, thése materials may under suit-
able conditions leach out heavy metals to the groumd water and cause ser-
ious environmental préblems. It is also quite possible that some of
these compounds may undergo decomposition under appropriate conditions
and prove hazardous to the environment either in the intermediate stages
of decomposition, or as the final product. Ammonium jarosite, for in-
stance, has been shown to decompose under certain conditions to hematite

122 Data on the solubility

or magnetite at as low a temperature as 25°C.
of jarosites and the effect of solution pH in contact with the iron-
containing residues have not been reported in detail. Also, the re-
lease of cations from the hydrolysis products of iron to the ground
water and their effect both on the environment as well as the source
material have not been investigated.

In spite of considerable.published information available on thé
hydrolysis of iron, the overall picture is still hazy. Control of the
precipitation reactions during hydrolysis is only possiblé when the
stability regions of each of the products are known. It may be worth-

while to summarize here the data available on the hydrolysis products

and their expected stability regions. Jarosite is expected to be pre-
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sent in the precipitation at all hydrolysis temperatures between 25°C

and 200°C. Ferric oxide Fezo3 is tﬁe ﬁajor component of the precipitate
when hydrolyzed at temperatures>above 180°C. The precipitation temper—
ature range of ferric basic sulfate has not beenAclearly defined but the
basic sulfate is expected to be present in the precipitate when hydrolyz-
ed at temperatures above 140°C. Below 90°C, gocthite has been known to
precipitate out of the solution. Thus, the hydrolysis of iron at any
temperature yields a precipitate that contains goethitc, jarosite,

ferric basic sulfate, ferric oxide, the proportion of each in the pre-
cipitate being determined chiefly by the temperature and the free acid
concentration in the solution. It shouid also be recognized that the
stability regions of the hydrolysis product is greatly dependent on the
composition of the solution and the content and type of ionic species
present in it. Therefore, charting the stability regions of the hydroly-
sis products becomes impfacticable due to the distinct nature of each
hydrolysis procesé. The study of formation, behavior and characteriza-
tion of the hydrolysis products has a great impact from the point of
view of environmental pollution. Information regarding the environ-

mental aspects of the hydrolysis is scarce. Hence, further research

is strongly suggested in this area,
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C. CHEMISTRY OF OXIDATION AND DISPOSAL OF SULFUR

The production and utilization of sulfur plays a major role in the
selection of any leaching method for sulfides. The process economy 1is
also vefy much dependent on the sulfur product obtained. For example,
the Sherritt-Gordon process produces ammonium sulfate as the sulfur end
product and on its marketability depends the economic viability of the
process. The utilization and disposal of the sulfur product is de-
pendent on the leaching method employed, energy demands and environ-
mental considerations. The amount of sulfur obtained from a mine pro-
ducing 22 million tons of sulfide ore per year is about 121,470 metric
tons.123 In 1976, the total production of sulfur in the United States
was 10.8 million metric tons while the demand was 10.5 million metric
tons. The projected pfoduction and deﬁand of sulfur in 1980 is 12.8
and 11.8 million metric tons respectively.124 Hence, it is apparent
that effective utilization and storage of sulfur assumes much importance
in view of the increasing production. Therefore, the extraction method
chosen has to take into cénsideration the sulfur product yielded during
the process and its disposal. Jansen and Milligan125 have briefly dis-
cussed the chemistry of sulfur and its disposal techniques.

In the direct leaching of sulfide minerals, it is known that sul-
fide sulfur does not readily oxidize to sulfate in spite of providing a
highly oxidizing environment, The sulfur product obtained after leach-
ing and the degree of conversion of one sulfur species to another are
dependent upon the conditions of leaching such as pH, temperature and

the mineral studied. Acid leaching of sulfide minerals, for example,
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generally leads to the formation of elemental sulfur. For minerals
like galena, sphalerite and pyrrhotite; the conversion of sulfide sul-
fur to elemental sulfﬁr below aboﬁt 100°C is almost quantitative ac-
cording to the equation:
I

+ 8% + H,0 ....(54)

MS + 1/20, + 2H  » M

But for copper minerals and pyrite, the yield of elemental sulfur
is . not quantitative. About 10 to 15 percent of the sulfide sulfur in
chalcopyrite and more than 50 percent of the sulfur in pyrite is con-

verted to sulfate.ll’lz6

Based on literature survey, Hisamatsulz7 Te-
ports the following conditions regarding eleﬁental sulfur and sulfate
formation:

(1) S° formation is favored at pH below 2 and temﬁerature below
160°C.

(2) Sulfate tends to form when pH islabove 2, and polythionate
formation becomes possibie at pH abéve 5-6.

(3) Sulfate is formed above 160°C even in strongly acidic solu-
tions,

Apart from these, other sulfate species are formed in the inter-
mediate stages of oxidation from sulfidé to elemental sulfur or sulfate.
The extent of formation and type of species formed depend chiefly on the
pH of the sclution. Hence it is worthwhile to examine in detail the
stability data and oxidation reactions of sulfur in acidic and alkaline
media.

An examination of the potential-pH diagram of the S-H20 systenm
(Figure 42) indicates the stable regions of various sulfur species. The

narrow region of elemental sulfur below pH 9 lies completely in the
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Fig. 42Polential-pH diagram fof the
sulfur-water at 25°C
(Pourbalx, Allas of Etecirochemical Equilibria in Agueous Solutions)
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stability domain of wateff Hencé, sulfur is stable in the presence of
water and acid solutions free from oxidizing agents. In alkaline solu-
tions, elemental sulfur is unstable and tends to disproportionate at
high pH giving fhiosulfate and sulfate ions. Sulfates, on the other
hand, are stable in the presence of water and aqueous solutions of all

pH's both in the presence and absence of oxidizing agents. Sulfates can

be formed by the oxidation of H,S, HS™, S7, S

° or other sulfur com-

pounds. Below the regions of elemental sulfuf and sulfates are the re-
gions of stability of H,S, HS™, and S which signify stability of these
ions in the presence of water and aqueous solutions of all pH's free
from oxidizing agents. Hence it is seen that acid leaching of sulfides,
which is generally carried out at pH less than 3, yields elemental sul-
fur as the primary stable product. Further oxidation can lead to sul-
fate formation. In alkaline systems, elemental sulfur is not formed as
a stable product by virtue of its behavior in the potential-pH diagram.
Instead, leaching in alkaline media favors sulfate as the stable pro-
duct and this fact is ;ubstantiated by experience.

Other. sulfur species that can accompany the formation of elemental

sulfur or sulfate include sulfides, thiosulfates, polythionates, sul-

fites and sulfamaates. It is significant that the intermediate forms

6

O system,

of sulfur, such as thiosulfate (8203=) and polythionates (SXO x =2

to 6) are absent from the potential -pH diagram of the S—H2
though they have been observed to occur in neutral and basic solutions.
This can be attributed to the fact that, at least in basic solutions,

the kinetic factors play a more important role in the oxidation of sul-

fur than the thermodynamic factors predicted from the diagram.lo The
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mechanism and sequence of oxidatioﬁ of sulfides in aqueous environment
is not yet clearly understood. However; investigations on this sub-
ject conducted by Okabé énd coworkers,lzg'lzl Mackiw,132 Forward,s’lo’14
and others, throw some light on the oxidation reactions of sulfur spe-
cies in acidic and alkaline medium. ‘

In alkaline solutions, oxidation of sulfur compounds has been more
ektensively studied, especially in connection with the Sherritt-Gordon
process. Jaura et al.133 have suggested that the oxidation of sulfide
to sulfate in alkaline medium takes the following path:

Sulfide + polysulfide > elemental sulfur -+ sulfite - thiosulfate -

tetrathionate » dithionate -+ sulfate,

A similar oxidation path has been proposed also by Vallance et 31.134
According to Jaura et al.133 sulfides oXidize to form polysulfides
which undergo further oxidation to form elemental sulfur
[H28k+0=H201+ s] x X ....(55)
XS + HZS = HZSX+1 : | «...(56)
H28X+1 + 0 = H20 + (X+1)S ..‘ ... (57)

The occurence of elemental sulfur in alkaline medium has been re-
. 135-136 . . .
ported by Reilly. He has shown that in the ammoniacal leaching
sysfem, as much as 60 percent of the sulfur can be recovered in the
elemental form by dissolving it in a non-miscible organic solvent as
soon as it is formed.136 With elemental sulfur and oxygen being avail-
able in an alkaline medium, further oxidation leads to the formation of

sulfite, The potential-pH diagram for sulfite and thiosulfate (Figure

43) shows that sulfite is a metastable ion in aqueous alkaline solutions.
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Fig. ‘43_Polenﬂa!-pH disgra sulflies
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In strong alkaline medium, elemental sulfur dissolves in sulfite
solution to give thiosulfate.

§8° + S0~ =5S,0, ... (58)

Thiosulfate is also formed when elemental sulfur dissolves in weak al-

kaline solutions

125 + 60H = SZO3 + 255 + 3H20 ....(59)

Thiosulfate is a stable ion in aqueous solutions up to a pH of 12. On
oxidation, tetrathionate is produced as the primary product.lzg’133

28203 + 0 + HZO = S4O6 + 20H . ....(60)

Tetrathionate is also produced when thiosulfate undergoes instant oxida-

tion in the presence of copper salts in the solution, reducing.cupric

. . 137 s PO
~ion to cuprous iomn. Small quantities of trithionate are also pro-

duced as a result of the oxidation of thiosulfate.

38203 + 40 + H,0 = 28306

) + 200 ....(61)

Tetrathionate readily reacts with sulfite in alkaline solutions to give

trithionate and thiosulfate.129

840, * 805 = 8507 + 8,0; .. (62)

When heated, tetrathionate decomposes into trithionate and elemental

sulfur.

$,0, =S50, +S° : .. (63)

Tetrathionate also decomposes to pentathionate and trithionate when

catalyzed by thiosulfate ion.

25406 = SSO6 + 8506 ... (64)
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The pentathionate thus formed is unstable in alkaline medium and de-

compc - to tetrathionate and thiosulfate.

_ — -— =

SSO6 .+ SO3 = S4O6 + 8203 ....(65)

Similar reactions take place in the case of hexathionate also. In gen-

efal, reactions (64) and (65) can be represented as:

28 0" =S 10, + S 0 cen . (66)

S.,10 * 803 =80, + 5,04 A e (67)

The formation of polythionates thus takes place in a complex manner, but
generally, as seen from Figure 44, as the polythionate contents increase
the thiosulfate content reaches an upper limit and then decreases.

Tetrathionate oxidizes further to dithionate and sulfate with small

quantities of thiosulfate.

= - = = +
5406 + 20H + 60 = 8206 + 2SO4 + 21 ... (68)

25.0.7 + 60H = 35203= + 2503+ 3H0 ee..(69)

4%
The amount of sulfite formed is extremely small and is probably oxidized

to sulfate in absence of free sulfur.

....(70)

Dithionate formed by the oxidation of tetrathionate finally oxidizes to

sulfate.133

8206 + 20H + 0 = 2SO4 + H20 ‘ ... (71)
Tetrathionate may also get oxidized completely to sulfate.129

S0~ + 140H™ = 450, + 6H  + 4H,0 f . (72)

476 4 2

129

Yukosuka et al. have reported that the amount of sulfate produced as

a result of oxidation of thiosulfate accounted for 72 percent of the
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sulfur oxidized.  It is reasonable to assume that the remaining sulfur
may be - the form of dithionate, thiosulfate and sulfite.

Thus from known data it seems probable that the oxidation of
sulfides in alkaline medium takes place by the path suggested by Jaura
et al. The stability diagram (Figure 45), drawn on the basis of data
reported by Plante and Sutherland, and Kurtnacker et al.,141 shows the
presence of dithionate at alkaline pH and lend; support to the possibil-
ity that dithionate may be the species that precedes, or co-exists with,
sulfate. Further investigation is required to elucidate the mechanism
of oxidation. |

In ammoniacal systems, essentially the same oxidation reactions
discussed above are expected to be taking place, with the exception
that, in addition to sulfate, sulfamate is also formed as a final pro-
duct. Investigations carried out to determine the type and amount of
sulfur species in ammoniacal solutions indicate that the final products
of leaching sulfide minerals are only sulfate and sulfamate, the sul-
fate accounting for 70 percent of the total sulfur in the'system.132
Analysis of the leach solution indicated that no sulfite was present.
Trithionate has been found to be the predominant thionate species in
the solution, and this fact can also be noted from Figure 45. Thus in
ammonia leaching, the sum of sﬁlfate, thiosulfate, trithionate and sul-
famate accounts for all sulfur present in the leach solution,

150,131 on effects of various para-

Studies by Okabe and coworkers
meters on sulfur oxidation in ammoniacal solutions show interesting

results. It is found that the yield of sulfamate by the oxidation of

ammonium thiosulfate increased with increases in the ammonia concentra-
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tion. The yield is maximum at an oxygen pressure of 50 kg/cm and re-
action temperature of 100°C. Cupric ion is the most suitable catalyst

to increase the reaction rate and the yield of sulfamate, giving maxi-
mum yield at 0.1-0.2 mol/liter of cupric ion.131
The oxidation path from sulfide to elemental sulfur in acidic

“solutions is less defined than that in basic solutions. Several in-
vestigations have shown the presence of thiosulfate and polythionates

in acidic solutions, but the mechanism of oxidation of sulfides to thio-
sulfates is not. quite established. As mentioned earlier, Jaura et al.l33
suggest that in alkaline medium the sulfides oxidize to polysulfides
which further oxidize to sulfur through a complicated course of reac-

tions. Perhaps a similar mechanism exists in acidic medium also, Thio-

sulfate may be the intermediate product leading finally to elemental

sulfur. The behavior of thiosulfate and polythionates in acidic solu-
tions has been sufficiently investigatedto suggest an oxidation path,

Mizoguchi et 31,129 have reported that in acidic solutions thio-
sulfate decomposes to form elemental sulfur as a lower oxidation state
species, and tetrathionate, sulfite and sulfate as higher oxidation
state species, as represented by the following equations:

T =25+ 25,07 + 34,0 e .. (73)

55,05 + 6H = 4% 2
= + » : - :
5203 +H =8 + HSO3 ceea (74)
. = + =
38203 + 2H = 48 + 2804 + HZO ' ee..(75)

Studies on oxidation of thiosulfate with H202 by the same co-author
(Okabe and coworkerslzg) has shown that atpH 4, the reaction products
of the oxidation were only tri- and tetrathionates formed according to

the following equations:
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38203 + 4H202 = 28306 + 20H + 3H20 cea (77)

These authors have further shown that tetrathionate is the primary and
predominant product of oxidation of thiosulfate in acidic media, tri-
thionate being formed in small quantities, as shown in Figure 46.

The tetrathionate produced decomposes to pentathionate and trithionate

under the catalytic action of thiosulfate. This can be explained by the

two-stage reaction mechanism:138’139
S4O6 + 8203 = 8506 + SO3 ' , ... (78)
8406 + SO3 = 8306 + SZOS . v (79)

Trithionate may also be formed according to the following equation.

- = + =
4HSO;™ + 5,0,° + 2H = 25,0." + 3H,0 ....(80)

Several investigators have reported the following general reaction

to be important in the formation of polythionates from thiosulfate in

e . 139-142
acidic solutlons:

= = 4 = - .
sno6 + 8203 + H = Sn+106 + HSO3 (n>3) ' ....(81)

The polythionates formed react with other sulfur species in the solu-

tions, or decompose, depending upon the conditions. In weakly acidic

solutions, trithionate decomposes according to the following reaction:128
= = = +
8306 + H20 = 8203 + SO4 + 2H ..., (82)
Tetrathionate decomposes to give sulfate and sulfur:
35,0, + 2H,0 = 7S + 550, + 4H+ | ... (83)

4°6 2 4

Acidic sulfite solution also decomposes to elemental sulfur and sulfate

128

with the intermediate formation of thiosulfate. Higher thionates
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are formed by the following general reaction illustrated earlier by

Equatio - 54 and 65.

28 0, f5n+1°6 +8_ 10, el (84)

Finally, higher acidities often produced sulfate as the only oxidation
product of thiosulfate, tetrathionate and trithionate, as illustrated

below with hydrogen peroxide acting as the oxidizing agent.

= = +

8203 + 4H202 = ZSO4 + 2H + SHZO . .v .+ (85)
= = +

S4O6 + 7H202 = 4SO4 + O6H + 4H20 , | ....(86)
= = + :

8306 + 4H202 = 3804 + 4H + 2H20 ....(87)

The oxidation of thiosulfate completely to sulfate is also greatly
favored by the presence of iron (Figure 47).

The pH of the solution plays a key rcle in fhe stability of aiffer-
ent sulfur species. Pollard et al.143 have reported that as the number
of sulfur atoms in the polythionatesincreases, the region of stability
is formed at high acidities. This is further substantiated by the
stability regions diagram of Figure 45. The figure shows that both
pentathionate and hexathionates are stable only low pH's, Trithionate
is quite stable down to pH 3 (Figure 45)141 decomposing to precipitate
sulfur as the pH decreases, and forming tetrathionate and hexathionate
in strong acid solutions. Tetrathionate is stable &.highéx~acidities
than those at which trithionates decompose, and at strong acid media
decomposes to give sulfur. Pentathionate is unstable at low acidities,

N
being stable at strong acid media, and disproportionating to tetrathion-
ate and hexathionate at high acidities.

28506 - 8406 + 5606' ...f(88)
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The tetrathionate, as menfioned earlier, further decomposes to deposit
sulfur. Hexathionate is stable at high acidities, and decomposes at
lower acidities. Thus it is seen that the pH of the solution deter-
mines the formation, decomposition and coexistence of different sulfur
specieslin the solution.

Schmidt146 has proposed an alternative oxidation path to thio-
sulfate. He has shown that in nonaqueous solutions anhydrous thio-

sulfuric acid decomposes into sulfur trioxide and hydrogen sulfide.

H28203 »~HZS + SO3 ....(89)
This leads to the formation of trithionate
HZS + 2803 = H28306 ... (90)

Thus, he has suggested that trithionate is the primary oxide product

of thiosulfate in acid solution, which then builds up higher thionates.

This mechanism has been supported also by Blausius and Burmeister,142

and Pollard et al. %> At first sight it would seem that this view-
point is in contrast to that of Okabe, but the apparent discrepancy may
be explained by the fact that the pH of the solution plays a much more
important role than is realized, and hence may alter the earliest forma-
tion of the products according to the solution conditions. However,
though further investigation is essential in tﬁis area, from what has
been reviewed a general path of oxidation in the'acid medium can be
surmised to be as follows:

sulfide + (polysulfides) - thiosulfate -+ tetrathionate - elemental

sulfur » sulfate.

Thus from theoretical considerations as well as experimental observ-

ations, it is known that elemental sulfur and sulfate are the two major
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forms of sulfur produced on leachiné the minerals, The choice between
them as the final sulfur product is govefned by various factors such as
the type of leaching system, time and temperature considerations, en-
vironmental impacf, capital costs and technological risks. Production
of elemental sulfur has the preponderant advantage that it can be con-
veniently stored and transported. Sulfate is only attractive when
immediate market is available for its disposal. Hence, elemental sul-
fur is preferred to sulfate production. In order to minimize the forma-
tion of intermediate sulfur compounds discussed earlier, and to obtain
the desired sulfur end product, the leaching conditions are selected
carefully, with the help of the potentiai~pH diagram of the S—HZO Sys-
tem. For example, elemental sulfur formation is normally favored by a
minimum amount of oxidizing agent, a high acidic‘or ferric concen£ration
which maintains the pH at about 2.5, and a temperature between 100 and
120°C as evidenced by Figﬁre 5. LikeWise, sulfate formation is favored
by a maximum of oxidizing agent and a pH higher than 2.5.

Chemical treatments are often carried out to convert oﬁe form of
sulfur to a more desirable form. In ammoniadleaching of sulfides, for
eXample, the thiosulfates and sulfamates present in the leach liquor are
converted to sulfate by okidaticn and hydrolysis. The sulfamate con-
centration in the effluent is also controlled by keeping the ammonium
jon concentration in the leach to the minimum. An attractive method to
convert sulfate to elemental sulfur is by bacterial reduction. British
scientists have reported as early as the '50's the production of ele-
mental sulfur from éalcium sulfate (gypsum) using sulfate-reducing and

photosynthetic sulfur bacteria.l45 Bacterial reduction has a promising
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future on account of its low capital and operating costs, The process
requires a temperate‘ climate, a cheap and adequate supply of nutri-
ents, facilities for handling the nutrients and reaction products,
facility for thé separation of sulfur from the réaction products and
unreacted nutrients, and an appropriate treatment method for the
reaction product for recycle, disposal or sale.

The disposal of the sulfur end product is, as mentioned before,
an important consideration in the selection of the leaching method.
The sulfur product in ammonia leaching is disposed of as either ammon-
ium sulfate or gypsum. Ammonium sulfate is sold as a fertilizer.

Production of gypsum enables regeneration of ammonia, but the gypsum

has to be disposed of either in the manufacture of products like gypsum
board, cement, etc. or by dumping in the ground. Gypsum dissolves up
to 0.241 grams in 100 cc of cold water and hence disposal of gypsum

in the ground poses environmental problems. Elemental sulfur when
obtained as the énd product, can be marketed in the same form, stored
conveniently, or converted to any useful sulfur compound. Another ob-
vious form of sulfur as an end product is sulfuric acid which is only
attractive if there are immediate facilities for itsrconsumption.

Thus the study of the chemistry of sulfur, its oxidation reactions,
its behavior during leaching, and methods of disposal are important
from environmental, economic and energy considerations. Leaching sul~
fide minerals in basic solutions yields sulfate as the end product of
sulfur while acid solutions could yield elemental sulfur. The oxida-
tion path from sulfide to sulfate in basic solutions involves thio-

sulfate, polythionates and dithionate as the intermediate products,
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Less is known about the dxidatioﬁvpath in acid solutions, but it seems
probable that thiosulfate and polythionates are formed as unstable
intermediéte products. The stability region diagram of different
species of sulfur (Figure 45) indicates that among polythionates,
higher polythionates such as hexathionate and pentathionate are the
predominant species in acid solutions while trithionate and tetra-
thionate occur predominantly in neutral and basic solutions. A general
reaction path cannot be confidently sfated from the literature review
on account of the complex nature of the reactions involved, and their
dependence on pH and temperature, the influence of these on the reac-
tions having not been sufficiently investigated and reported. Hence
further investigation is essential in this field in order to fully
understand the mechanism and sequences of oxidation reactions of sulfur

species in various systems of sulfide leaching.
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D. STUDY OF SOLUBILITY CHARACTERISTICS

OF SILICATE MINERALS

Bulk sulfide flotation concentrates of Duluth gabbro samples have
been reported to contaip mainly plagioclase, olivine and pyroxene as
the gangue which constitutes as high as a third of the concentrates.
Minor amounts of serpentine, t;lc, amphibole and chlorite are also pre-

147

sent, The dissolution characteristics, structure alterations, rTe-

lease of cations, etc. of these silicates might play a role in the en-

vironmental make-up of the region. A study, therefore, of the nature

and behavior of silicate minerals during leaching and weathering is
warranted.

The nature and structure of minerals undergo various alterations
due to geological énd weathering processes. It is known that several
mineralogical modifications can be formed at different temperatures and
pressures by cooling a melt of one or more constituent minerals. 1In
nature this takes place over geological periods resulting in a complete
change in the nature of the original mineral constituen£s. Subsequently,
weathering processes subject the minerals to further transformations.
Many factors contribute to the transmutation of the minerals. These
include the structure and composition of the minerals, character of
liquid (salt solution, acid, water, etc.), particle size, temperature,
pressure, humidity, history of the minerals, etc. For example, mafic
minerals such as olivine, pyroxene, amphibole, biotite, etc., undergo

weathering more rapidly than felsic minerals like plagioclase, K-

feldspar, muscovite, quartz, etc. Also minerals formed at highest
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temperature (olivine and calcic piagioclase) tend to decay more rapidly
than others.148 The pH of the solution also plays a significant role in
dictating the amount of different ions released from the minerals. The
above are only generalized statements and are by'no means without ex-
ceptions on account of the several physical and environmental factors
simultaneously in force on the mineral species. A literature search was
therefore undertaken to obtain a clearer idea of the alteration of min-
erals, especially silicates, under different conditions commonly en-
countered in hydrometallurgical leaching. It was found that informa-
tion is available on hydrothermal reactions and mineral transformations
at high temperatures and pressures pertaining to the natural geological
process. But this is not relevant to the present purpose of study be-
cause of the different temperature and pressure conditions and the long
periods of time involved in the geological processes. Information is
also available on the weathering processes on minerals, and results of:
laboratory experiments with simulated weathering conditions have been
recorded. But the investigations have been carried out using distilled
water or carbonic acid in a narrow pH range. The pH's of interest to
the present discussion fall outside the pH range that has been examined
and hence this information also is not especially useful. However,
the literature search has revealed certéin interesting facts pertaining
to some aspects of silicate dissolution,

The effect of pH on the dissolution of silica from minerals is of
importance in leaching. Figure 48 shows the quantity of silica dis-
solved from olivine, biotite, albite and quartz at different pH's, It

is seen that except for quartz, silica dissolution below pH 5 increases
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with increasing acidity. Silica diésclution is also dependent on the
mineral dissolved and its silica content. Olivine and biotite, having
low silica content, are more easily dissolved in acid solution than in
alkaline solution; but albite and quartz, having higher silica content,
exhibit the reverse characteristics.l49 The presence of complexing
agents such as organic acids in the solution has a significant effect

on silica dissolution. It has been reported that at pH = 1.5 the

-amounts of silica and other elements dissolved from the mineral are not

affected by the presence and nature of organic acids. But at pH's
between 4 and 10, the quantities of elements, including silica, dis-
solved vary and are dependent on the complexing power of the organic
acid.*® ‘

The weathering of silicates is chiefly a pfocess of hydrolysis.l

The hydrolysis of the mineral forsterite (magnesium-rich olivine) il-

lustrates the process.

... (91)

. ++ - .
Mg28104 + 4H2Q -+ 2Mg  + 40H + H451O4

Water is generally a little acidic due to dissolved carbon

dioxide, and the extra hydrogen ions present favor hydrolysis. Dis-
solution studies on pyroxenes, olivine and other siliéate minerals have
indicated that the quaﬁtity dissolved was much more in COz—containing
water than in distilled water.150 When stronger acids than carbonic
acid such as sulfuric acid are present locally, the dissolution becomes
more pronounced and complete. Because the hydrogen ions are consumed
during the hydrolysis, the solution in contact with the silicate mineral
becomes less acidic and may eventually become alkaline., Besidesacidity,

the presence of other ions in the solvent also tends to affect dissolu-
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tion. For example, studies have shown that Si dissolution decreases
with increasing dissolved.Al, and, under certain circumstances, with
increasing Ca and Mg. The amounts of various cations released from
different minerals are shown in Table 19.151

In the case where a silicate contains several cations, the dis-
solution rate of each cation is different from that of each of the
other cations in the same mineral. But the dissolution of elements may
or may not correspond to the stoichiometry of the mineral. For example,
in Figure 49 the ratio of dissolved elements from olivine is close to
the ratio of elements in the mineral, i.e., the dissolution is stoichio-
metric. This also indicates that there is no selectivity of cations dur-
ing the dissolution. In the process of weathering, release of silica
and some cations takes place at the surface of the mineral, the cations
being replaced by hydrogen ions. Thus there is a preferential removal
of cations at the surface which leads to the formation of a coating.

This coating has characteristics different from that of the original
mineral and therefore alters the mode of dissolution. Also, the coating
tends to screen the underlying mineral grains and hence dissolution of
most silicates préceeds very slowly.

The form in which silica is released from the mineral is worthy of
note. A major portion of silica is set free in the form of silicic acid,
as represented in Equation (91). In local conditions where the con-
centration of the weathering solutions is higher, silica may be released
as colloidal or amorphous silica. The silica released may undergo
natural conversion brought about by certain plants to form amorphous

particles of SiOz. Interaction of silica with Al or Mg leads to the
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Table 19,
Concentration of cations in the pulp

at various pH values (Parts. per million) 151

Mg Fe Al

Ca

Na

pH

Mineral

LR

Ll ]

L]

Quartz

0.4

R

Ll

~ 0O W0
s s e

O W e~

Albite

O 1

o -

LRl

L]

1.4
0.5

0.7

0

5.
11. 4

Microcline

namn O 0
s .

wWoooo

~ o
- o wnoo
o~coo

)
~ 0 N .
« ¢ & o
R -

Augite

-3 CRV- BNV
meocoo~-

M %4 M XK
xxxxxx
M X X

@ Mo
-l ]

L=a - B I V4 o I
s s e« s s _.»
O N W O~ 0

Spodumene

0.2

5 % % %

[Ta o]

e E-X-)
-4

(=2 "y BN B o)
¢« & e

-0~

KN

@~ N
~ o~

Olivine

X No determination made




N
7y

£

129

10t
— fem A M /Fe
F===3= 24— —*<
\\
x
1.0F Jp— n /50,
K= ﬁ i X
L i
= - x
" o
= — gy, L FofSi0
) SR,
T 0af
=
B SN W L 4 N . . \ .
° 2 4 6 8 10

pH

" Fig 49.Weight ratios among silica, iron and
magnesium dissolved from olivine 149

x EDTA A Citric acid O Without organic acid
vevans Fe/Si0: —— Mg/SiO: —--= Mg/Fe



Ty

]

[

%

130

formation of élayey minerals su;h as chlorite and serpentinite. Condi-
tions permitting, recrystallization of silica into minﬁte grains of
quartz also takes place. In some types of minerals, such as amphiboles
and pyroxenes, silica may not be released at all but remain in the min-
eral as amorphous residues.

It is likely that the silicate minerals would undergo some changes
when subjected to the sevefe conditions of temperature, pressure and
chemical treatment during leaching. Knowledge of the nature of the
alteration in the minerals would be of great value in predicting the
environmental implications of the hydrometallurgical leaching process,
The altered coating, if any, on the silicate surface may behave in an
entirely different manner from thatvof the mineral itself, thus changing
the metallurgical leaching characteristics of the mineral. The change

in morphology of the silicate particle and of its surface characteris-

tics is of interest, especially on account of its significance to the

environment. Also, the chemical and mineralological change brought
about by hydrometallurgical leaching the original silicate warrants in-
vestigation. Knowledge on the above mentioned aspects is at present

nonexistent and further investigation is strongly suggested.



{srx

III. MATERIALS AND METHODS

A. METALLURGICAL LEACHING OF CU-NI CONCENTRATE

AND ENVIRONMENTAL LEACHING OF

ITS LEACH RESIDUES

1. Materials

a. Concentrates

The sample used was a bulk sulfide flofatién concentrate of a
copper-nickel bearing Duluth gabbro from the INCO test pit southeast of
Ely, Minnesota. The chief copper-bearing minerals in the concentrate
were chalcopyrite (CuFeSz) and cubanite (CUFeZSS)' Nickel was present
as pentlandite [(Ni,Fe)S]. 1In addition, pyrrhotite (FeS) was also pre-
sent. A partial chemical analysis of the concentrates is given in
Table 20. An elemental analysis'of the concentrate by Barringer Re-
search Ltd. is given in Appendix 1. Size fractions of -325 mesh aﬁd

-400 mesh were used in the studies.

b. Leaching Reagents

Sulfuric acid. BAKER analytical-reagent grade sulfuric acid was

used. The required amount of acid was diluted with distilled water in

all experiments.

Ammonium hydroxide. Chemically pure grade DUPONT reagent was used,

diluted with distilled water as required.

Ammonium sulfate. Analytical-reagent grade granular crystals were

131
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TABLE 20. PARTIAL CHEMICAL ANALYSIS

OF THE CU-NI CONCENTRATES OF

o

" DULUTH GABBRO

o

e

Copper 13.58
Nickel 2.68
Cobalt 0.15
Iron 28.39
Sulfur 22.56
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used.

sodium chloride. Granular crystals of chemically-pure grade FISHER

reagents were used.

2. Apparatus and Methods

a. Metallurgical Leaching

Autoclave. The apparatus used in all pressure leaching experiments
was a 1 liter Autoclave Engineer, magnedrive, packless autoclave made of
316 stainless steel. The agitator shaft was driven by a 186.5 watts D.C.
motor. A Pyrex glass stirrer was used. A Forma Heat jacket-type heater
rated for 1.7 KW at 110 Volts AC, equipped with iron-constantan thermo-
couple, was used to heat the reaction chamber. The temperature was con-
trolled by a standard control unit carrying temperature indicators, tem-
perature controller, tachometer and agitator speed controller. Oxygen
or nitrogen gas was supplied to the reaction vessel from pressurized
cylinders by means of copper tubing and standard valves with gauge.

Experimental Procedure. The same experimental procedure was used

in all metallurgical leaching tests. The leaching solution was pre-
pared according to the selected conditions and was mixed with 10g of
the concentrates in a Pyrex glass reaction vessel. This was placed in
the reaction chamber of the autoclave, and the autoclave was sealed.
The air inside was driven out by a stream of nitrogen and the vent was
closed. The nitrogen gas pressure was adjusted to a selected value.
The agitator was started and its speed was adjusted. The reaction ves-
sel was then heated to the required temperature in an atmosphere of

nitrogen. When the reaction temperature was attained, passage of nitro-
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gen was stopped and oxygen was sent in at a specified pressure. The

pressure recorded included the vapor pressure of the solution, The tem-
perature controller maintained the reaction temperature within +2°C.

The reaction was allowed to proceed for the retention time selected.

At the end of the experiment, the pressure was relieved, the heatef and
the agitator switched off, and the passage of oxygen stopped, The
reaction vessel was taken out and cooled rapidly by plunging it in cold
water. The solution when cooled was filtered with the help of a Buchner
funnel. The filtrate was collected, was made up to a definite volume
and a sample was sent for chemical aﬁalysis. The residue was then wash-
ed well with distilled water, and the wash water collected and analyzed,
The residue was dried, weighed and a portion was chemically analyzed,
The remaining residue was stored for further studies.

Sulfuric acid leach. Several leaching experiments were carried

out in order to achieve maximum extraction of metal values, Leaching
parameters, chiefly the acid concentration and retention time, were
varied in order to arrive at an optimum combination resulting in maxi-
mum extraction. The conditions which finally led to satisfactory re-
sults included 90 g/% HZSO4 and 12 hours of retention time, Besides,

4 grams of sodium chloride per liter of solution was added in order to
facilitate and expedite the extraction. This was done on the basis of
a report by Subramaniam and Ferrajuolo.ls2 The experimental conditions
and results of the sulfuric acid leach are given in Table 21,

* Ammonia leach. A series of experiments with varying conditions

such as concentrations of ammonia and ammonium sulfate, retention time,
agitation speed, size fraction of concentrates, oxygen pressure, and

temperature were carried out in order to arrive at the optimum condi-

’



TABLE 21. EXPERIMENTAL CONDITIONS AND RESULTS OF SULFURIC

ACID LEACHING AND AMMONIA LEACHING.

Concentration Weight .o .
of ) 0, Retention of Leachate Extraction

"Leach Solution Temperature Pressure Time Residue .8 N
Leach Systea g/2 °c psi Hours g Cu NI Co Fe S Cu ¥ Co Fe - 8§
Acid Leach 90 HZSO4 + 110 - 400 12 3.¢ 1.295 0.322 0.018 2,625 9.8 4 97.8 99,2 98 95.3 49,3
‘ ' 3 NaCl ‘
Aamania Leach  157.5 NHg + . 100 150 - 12 - 7.0 1.367 0.222 0.014 - 17.465 95.7 94,6 81,3 4,9 57,3

171(NH4)2SO4' : )

Concentrate 10g; mesh size 100% -400; solution volume 400 ml; agitation 700>rpm.

Sel
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tions resultfng in maximum extraction. The experiment which yielded
th~ *est results had a solution composition of 9.3 M NH3 + 1,3 M (NH4)2
504. The experimental conditions and results of the ammonia leach are

given in Table 21.

b. Environmental Leaching

This consisted of a sefies of equilibration tests performed on the
leach residues of the sulfuric acid leaching and ammonia leaching of the
copper-nickel concentrates. The experimental scheme was adapted from
the environmental leaching tests developed by Eoisenreich.153 1lg of the
residue was suspended in 100 ml of distilled water in an acid-cleaned
250 ml beaker. Initial pH of the suspended solids in distilled water
was recorded, and the contents of the beaker was stirred for 100 hours
by a glass stirrer by means of a cone drive stirring motor. The tem-
perature of the laboratory was maintained at 20°C. The pH of the sample
was recorded periodically. The pH meter used was iONALYZER model 401
of Orion Research. Corning standard combination electrode was used
in all experiments. Distilled water was added as and when necessary
to maintain the volume in the beaker to 100 ml.

After 100 hours of agitating the suspended solids, the stirring
was stopped, the final pH recorded, and the sample was centrifuged for
30 minutes at 12000 rpm in an INTERNATIONAL Model HT centrifuge. The
supernatant liquid obtained after centrifuging was transferred carefully
to a clean bottle and sent in for detection of released ions. The
solid was suspended in 100 ml of fresh distilled water in an acid-clean-
ed 250 ml beaker. The initial pH was recorded, and the contents of the

beaker was subjected to anotﬁer cycle of 100 hours of stirring as be-
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fore. The aéitation, centrifuging and resuspension'of the solids in

d’” *’'1lled water were repeated until the final pH after 100 hours of
each cycle showed consecutively the same value for a minimum of four
cycles. At fhe end of each cycle, the distilled water was analyzed for
released ions. After the equilibration tests, the solids was air-

dried and stored carefully for further examination.

c. X-ray Diffraction Analysis

Specimens for the x-ray diffraction tests were prepared using a
small amount of the éample by smearing a thick solution of the sample
in water on a glass slide. This was air-dried and placed on the speci-
men holder of the x-ray equipment, A PHILLIPS NORELCO apparatus was
used with a scanning time of 1° per minute, and CuKo radiation. The

diffraction patterns were thus obtained for each of the leach residues.

d. Scanning Electron Microscope Analysis

The acid and ammonia leach residues were examined by means of a
JEOL JEM-100CX scanning transmission electron microscope or a CAMBRIDGE
MKIIA scanning electron microscope, both before and after the environ-
mental leaching testé. Several micrographs of each residue were taken.
The original copper-nickel concentrate was also examined using the

electron microscopes and photographed.

e. Trace Element Analysis

At the end of the environmental test of the residues, samples con-

‘taining 50 milliliters of the centrifuged water were placed in 125 ml

polypropylene bottles. To each bottle was added 0.95 milliliter of

10 to 1 diultion of concentrated ultrex grade nitric acid as preserva-
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tive. The water samples were then delivered to the Regional Copper-
Nickel Study for shipment to Barringer Research Ltd. of Toronto, Ontario,

Canada for analysis of elemental composition of the samples.
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B. PREPARATION OF AND EQUILIBRATION STUDIES

ON THE HYDROLYSIS PRODUCTS OF IRON

1. Materials

a. Reagents

Ferric sulfate., Chemically-pure BAKER analyzed reagent was used

in all experiments.

Sulfuric acid. Chemically pure BAKER ahalyzed reagent was used in

all experiments. The required concentrations were made by diluting

with distilled water.

2. Apparatus and Methods

a. Preparation of Hydrolysis Products of Iron

The same autoclave that was described earlier for the metallurgical
'leaching studies of the Cu-Ni concentrate, was used for the preparétioh
of the products of iron hydrolysis. Calculated amounts of ferric sul-
fate were mixed with selected concentrations of sulfuric acid for each
of the hydrolysis products required. The solution was then subjected
to the required temperature and pressure in the autoclave for a deter-
mined period of time. At the end of the experiment, the contents of the
reaction vessel were cooled and filtered. The filtrate was made up to
a definite volume and stored. The solid product of iron hydrolysis was
dried and weighed. A portion of this product was then analyzed by
means of x-ray diffraction technique and its diffraction pattern was
obtained. This was compared with the standard ASTM cards. The experi-

ments were repeated several times for each of the hydrolysis product
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for different experimental conditions untii samples whose x-ray diffrac-
tiorn patterns matched very well with those of the standard ASTM cards
of the required hydrolysis products were obtained, This ensured a
pure product; The samples were then chemically analyzed and storéd for
further studies. The filtrate of these selected experiments were also

sent for chemical analysis.

b. Equilibration Studies

The method used was essentially the same as that for the copper-
nickel leach residues. 1g of the hydrolysis pfoduct was suspended in
100 ml of distilled water in a clean 250 ml beaker and agitated for 100
hours. The pH of the sample was recorded periodically. At the end of
100 hours, the pH of the sample was recorded and the sample was centri-
fuged. The supernatant liquid was sent in for detection of released
ions, and the solids subjected to another cycle of 100 hours of agita-
tion. This was repeated for each of the hydrolysis products until the
pH of the sample at the end of 100 hours remained the same for at
least four consecutive tésts. After this final equilibration, the
hydrolysis product was air-dried and stored for fufther studies.

Initially, the equilibration tests were conducted with and with-
out aeration. To one beaker, air was supplied from a compressed air
cylinder by means of tubing, and a capillary tube extending almost to
the bottom of the beaker. The beaker was keptopen to the atmosphere
during the course of the experiment. Another similar experiment was
performed with no air supplied by artificial means. The mouth of this
beaker was covered with aluminum foil with provision for the entry only

of the glass stirrer. In all other respects, the experiments corres-
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ponded to the standard method described earlier.

c. X-ray Diffraction Analysis

The x-ray diffraction technique was the chief method of identifi-
cation and test of purity of the hydrolysis products. The x-ray dif-
fraction patterns of the samples aftejgequilibration were also taken to
compare with those of the original samples. The specimen preparatibn
for the x-ray diffraction analysis was the same as that described for
the Cu-Ni concentrates and the leach residues--namely, smearing and
air-drying a solution of the sample on a glass residue. As before, a
PHILLIPS NORELCO x-ray equipment was used with CuKo radiation and 1°

per minute scan time.

d. Scanning Electron Microscope AnalysisA

Electron photo micrographs of the hydrolysis products were taken
both before and after equilibration tests. As before, a JEOL JEM-
100CX scanning transmission electron microscope or a CAMBRIDGE MKIIA

scanning electron microscope was used,

e, Trace-Element Analysis

As in the case of environmental leaching tests of the Cu-Ni resi-
dues, 50 millilitersofthe centrifuged watef after equilibration of
the hydrolysis products, were placed in 125 hilliliter polypropylene
bottles, 0.95 ml of 10 to 1 dilution of concentrated ultrex gréde
nitric acid was added to each of the bottles as preservative, and the
water samples delivered to the Regional Copper-Nickel Study for shipment
to Barringer Research Ltd. of Toronto, Ontario, Canda for analysis of

elemental composition of the samples.
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IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

" A. METALLURGICAL LEACHING OF THE CU-NI

CONCENTRATE AND ENVIRONMENTAL LEACHING

OF ITS LEACH RESIDUES

From the six hydrometallurgical extraction techniques discussed in
an earlier section, sulfuric acid pressure leaching énd ammonia pressure
leaching were selected as being the most promising. An experimental
program was therefore designed in order to subject the copper-nickel
concentrate to these two leaching techniques in order to obtain their
leach residues, and to examine the mineralogical composition, morphol-

ogies and environmental leaching characteristics of the same,

Hydrometallurgical Leéching

The concentrate used for the study contained chalcopyrite, cubanite,
pentlandite and pyrrhotite as the chief sulfide minerals. The crude
material was basically an altered troctolite consisting mainly of plagio-

- 1 . . .
clase, olivine and pyroxene. 47 Hence, the main constituents in the

~gangue are 5i0,, Al,0., Ca0 and MgO, A partial analysis of the con-

273’

centrate is given in Table 20. An elemental.analysis of the concentrate
by Barringér Research Ltd. is given in Appendik I,

From literature survey, it was noted that the chief parameters in-
fluencing the sulfuric‘acid leaching of sulfide concentrates are acid

concentration, temperature, oxygen pressure and fineness of grind, With

142
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this in view, the experimentaliconditions were so chosen as to give the
optimum results. The temperature of the process is dictated by the
behavior of sulfur during 1eéching. The elemental sulfur produced dur-
ing leaching‘forms a porous coating around the sulfide particles, and
further reaction takes place through this coating. Hence, to ensure

more efficient and faster rate of reaction, it has been found desirable

.to maintain the temperature of reaction below the melting point of sul-

fur (119°C) so as to obtain the final sulfur product as elemental sul-
fur. Therefore, a temperature of 100°C was chosen. It has been report-
ed that higher temperatures such as 200-225°C have also been equally
effective (Table 6), but gave sulfafe as the end product of sulfur.26
The metallurgical leaching of the copper-nickel concentrates was
carried out using samples ground to -325 mesh and -400 mesh size frac-
tions, and the latter was found to be more effective. An oxygen over-

pressure of 400 psi‘was selected as being the optimum value from the

data of other investigators. The acid concentration and retention time,

however, were varied to give maximum extraction, It was found that in

spite of using a higher acid concentration, extractions of more than
90 percent were not achieved. Hence, it was decided to add 3 g of NaCl
per liter of solution on the basis of the reports by Subramaniam and
Ferrajuolo152 to promote a higher rate of extraction.

The experimental conditions and results of sulfuric acid leaching
is given in Table 21, The extractions were calculated on the basis of
the residue analysis. It can be noted from Table 21 that the leachate
reports considerable amounts of sulfur. Sulfur in leachate of acid

leach is contributed chiefly from the sulfates of copper, nickel, cobalt
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and iron. Free acid also mgy.account for a part of the sulfur content
in the leachate. Iron content in the leachate arises from the ferric
and ferrous sulfate in solution, and reports in considerable amounts.

The paitial chemical analysis of the acid leach residue is given
in Table 2Z. A complete elemental analysis of the same from Barringer
Research Ltd. is given in Appendix I. It is seen that the residue
contains significant amounts of sulfur. A major portion of the sulfur
content in the residuve is in the elemental form, promoted by the condi-
tions of leaching. Small amounts of unleached sulfides, and the sulfur
associated with iron, may contribute to the remaining sulfur content.
The iron in the residue is contribﬁted by the residual iron sulfides
and by the jarosites, basic ferric sulfates or ferric hydroxide pro-
duced during the leach.

The experimental conditions and results of ammonia leaching of the
éopper—nickel concentrates are shown in Table 2l. The leachate in this
case consists mainly of copper, nickel and cobalt ammines, besides am-
monium sulfamate and sulfate. Small quantities of thiosulfate and
polythionates also may be present. The above constituents contribute
to the large sulfur content in the leachate. A partial chemical analy-
sis of the ammonia leach residue is given in Table 23 and a complete
elemental analysis of the same from Barringer Research Ltd. is given
in Appendix I. The residue shows considerable amounts of irom. A
major portion of this iron is accounted for by the ferric oxide pro-

duced during the leach, A minor portion of the iron arises from the

unileached pyrrhotites which report directly in the residues.
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TABLE 22. PARTIAL CHEMICAL ANALYSIS

OF THE ACID LEACH RESIDUE

q\a

Copper 0.98
~ Nickel 0.076
Cobalt . 0.0
Iron . ‘ 4.44
Sulfur ' 38.09

TABLE 23. PARTIAL CHEMICAL ANALYSIS

OF THE AMMONIA LEACH RESIDUE

Copper 0.84
Nickel : 0.205
Cobalt ‘ 0.04
Iron ’ 38.57

Sulfur R 0.88
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Thus the'salient feature of the acid leach residue is its high sul-
fuf content and that of the ammonia leach residue is its high iron con-
tent. The elemental sulfur which makes up the bulk of the sulfur in
the residue is generally recovered and stored. The rest is made up by
unleached minerals, jarosites and basic sulfates. Ferric oxide accounts
for the high iron contents in the ammonia leach residue. It is noted
that the iron content in the residue obtained is comparable to that in
the leach residues of Sheritt Gordon procéss and Arbiter process (cf.
Tables 3 and 4). The ferric oxide may be recovered from the residue,

purified and used for the production of irén.

Environmental Leaching

The equilibration studies of the acid and ammonia leach residues
were termed "environmental leaching' on account of their consisting of
several compounds miked together and thus resembling an actual plant
discard. The final pH's of the equilibration tests performed on the
acid leach residue have been plotted in Figure 50. The final pH in the
first equilibration cycle reports at 4.1 gradually rising in subsequent
cycles to a maximum of 6.6 and then decreases and'stablizes at 4.0.

The figure also shows the initial pH's of each cycle. Table 24 gives
the concentrations of the ions released during each cycle of equilibra-
tion. The concentrations of sulfate ions in the centrifuged water were
estimated by the barium sulfate precipitation technique but failed to
show any precipitates, This indicated that the sulfate concentration
of the water was below the detection limit of this estimation technique.
The average values of ions.reportedvin Table 24 have been calculated

with a degree of confidence of 99%, The trace element analysis of the
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TABLE 24. RELEASE OF IONS IN ENVIRONMENTAL LEACHING

STUDIES OF THE ACID LEACH RESIDUE

Copper Nickel Cobalt Iron
ppm ppm ppm ppm
1. 2.8 0.5 0 0.67
2. 0.19 0.2 0 0.52
3. 0 0.3 0.05 0
4. 0 0.45 0 0
5. 0.38 0.65 .  0.05 0.05
6. 1.11 0.6 0 ' 0.15
7. 0.79 0.69 0 0.77
8. 0.56 0.85 0 0.99
9. 0 0 0.05 0.05
10. 0.37 0.55 0.05 1.05
11. 0.07 ' 0.48 0 0.2
12. 0.3 0.25 0 0.9
13. 0.3 0.3 0 0.7

Average  0.34£0.09* 0.45#0.05 0.02+0.005 0.45%0.09

*Entry No 1. was omitted for the calculation of average.
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equilibrated distilled water from Barringer Research Ltd. is given in

Appendix II.

The pH variation exhibited by the equilibration curve of the acid

- leach residue in Figure 50 was compared with the concentrations of re-

leased ions in Table 24. No significant correlation was found between
the two. The reason for the rise and fall of the curve in the initial
stages of equilibration is not known. It is noted that the initial pH
of each cycle varied with one another, and exhibited a wavy pattern
when the individual plots were joined.

Results of the environmental leaching on ammonia leach residue
are shan in Figure 51 and Table 25. The first equilibration cycle has
a final pH of 7.7 which dips to a pH of 5.1 in subsequent equilibration
cycles and then rises and stabilizes at a pH of 7.0. The reason for
this behavior is not known, and no correlation appears to be present
between the pH variatiﬁn of the equilibration curve and the concen-
trations of released ions. The initial pH's of each cycle also equili-
brated, along with the final pH's, to the same value, as can be noted
from Figure 51. Trace element analysis, from Barringer Research Ltd.,
of the equilibrated distilled water with respect to ammonia leach

residue is given in Appendix II.

X-ray Diffraction Analysis

The x-ray diffraction pattérns of the concentrates, acid and am-
monia leach residues, including those of both before and after environ-
mental leaching tests, are given in Figures 52 and 53. The diffraction
pattern of the concentrates is repeated in Figure 53 for comparison.

The acid leach residue showed the presence of considerable amounts of

{1 2
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TABLE 25. RELEASE OF IONS IN ENVIRONMENTAL LEACHING

STUDIES OF THE AMMONIA LEACH RESIDUE
Copper Nickel Cobalt Iron

ppm ppm ppm ppm y

0 0.1 0 1

0.99 - 0.1 0 0.2

" 0.38 0.75 0.05 0.05

0.02 0.26 0 0.05

0 0.08 0 0

0 0.15 0.05 0.2

0 0.05 0 0.05
0 0.07 0 0

0 0 0 0’

0 B 0 0 0

0 0 0 0

Average 0.13%0.09 0.14%0.06 0.01*0.0003 0.14%0.08
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AND AFTER EQUILIBRATION, AND THE CONCENTRATE



f | 154

monoclinic Shlfur and hydronium jarosite, with small amounts of natro-
j-svsite. The ammonia leach residue was amorphous and hence a good
diffraction pattern was not obtained. The x-ray diffraction patterns

of each residue was compared with that of the corresponding equilibrated
sample, and was found to show no significant change in either of the
cases, indicating that no major change in composition or structure has

taken place after the equilibration.

Scanning Electron Microscope Analysis

Electron micrographs of the concentrates, and acid and ammonia
leach residues before and after equilibration are given in Figure 54.
The acid leach residue before equilibration shows a platy tabular
morphology which remains essentially the same after equilibration.
The ammonia leach residue shows spheroidal particles which remain un-

changed even after equilibration.

[ . Discussion

Both acid and ammonia leach residues contain unleached sulfides
of copper, nickel, cobalt and iron. Besides these, the acid leach
residue contains hydronium jarosite and elemental sulfur in consider-
able amounts. The ammonia leach residue carries, in addition to the
sulfides, significant qﬁantities of ferric oxide. When equilibrated
with distilled water, the residues have been found to release cations
of copper, nickel, cobalt and iron in measurable quantities, as indi- -

| cated in Tables 24 and 25. The presence of these cations in the

P equilibrated distilled water can be explained satisfactorily by the
f f : dissolution behavior of sulfides, oxidation, surface absorption, co-

| precipitation and related’ phenomena,
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The dissolution behavior of sulfides has been discussed by Kolthoff

20

b Sandell} From their discussion, the amounts of metal sulfide

. . . . + .
dissolved in water, which is equal to [M +], the concentration of metal
ions, is given to be

4o +q2
DT = Sy Sys[H']

[S51 = 10-20[H,S] ee. . (92)

Where S, is the solubility product of the metal sulfide. If the
solution is saturated at room temperature, [HZS] = constant = ca. 0.1.
Hence, knowing the solubility product of the sulfide, the solubility
of'the suifide in solutions saturatéd with hydrogen sulfide can be cal-
culated for any hydrogen-ion concentraticn.

It is thus seen that the solubility of a metal sulfide in distilled
water under the conditions of equilibration can be calculated from
equation (92). However, Stumm and Morgan154 have repeatedly pointed
out that calculations of the solubility of a mineral on the basis of
solubility product alone can be very misleading because the solubility
is not exclusively governed by the solubility product. Various other
equilibria besides the solubility equilibrium come into play. These
include the acid-base equilibria of the cation and the anion of the
solid, and equilibria describing complex formation. It is known, for

instance, that all metal cations in water exist as aquo complexes,154

and the complexes of cations such as cu*t, Ni*" and Co*" are relatively
more stable than ﬁany others.lzo When considered together with the
solubility product, the acid-base equilibria and the complex forming
tendency quantify the solubility of a solid in actual situations more

accurately. This has been illustrated by Kolthoff and Sandell.120
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Taking'the acid leach residue as an example, the amount of copper
ekpected to dissolve at the equilibrated pH of 4, assuming [HZS] = 0.1
and the solubility product for CuS (4 X 10—36), is calculated to be
4 X 10-23 méles per liter. However, in the actual equilibration test,

assﬁming the average concentration of copper (Table 24), the copper

dissolved is 5.35 X 1()_6 moles per liter. Corresponding values for Ni

' -12
and Co, assuming solubility products for NiS and CoS, are 1 X 10

12 and 2.5 x 1077 respectively. Similar

and 7.66 X 10>, and 2 X 10~
calculations with ammonia leach residue also exhibits parallel results.
These show that a greater amount of theAcations have been released into
the water than that can be theoretically calculated. However, the
above theoretical calculations have been made based solely on the
solubility prodﬁcts of the compbunds specified, and hence when con-
sidered together with the acid-base equilibria and the equilibria of
complex formationms, fhe theoretical solubility will be significantly
higher and closer to the actual data. Nevertheless, the large differ-
ence between the actual and theoretical values given above points to
the fact that some other major phenomena are predominantly responsible
for the release of the cations into the water. This is further examin-
ed in the light of known facts.

Oxidation of the sulfides by the dissolved oxygen in the aqueous
solution has a strong possibility of occurrence. Oxidation can occur
in either of two ways: the sulfides in the residue may first get
oxidized and theﬁ dissolve into the aqueous media, or they may dissolve
first and then get oxidized. It is probable that both these could be

occurring simultanecusly., Also, as a consequence, the sulfur species
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in the aqueous medium may exist as‘different sulfoxy compounds.

Kolthoff and‘Sandelllzo have stated that cations such as those of
coppeT, zinc, magnesium, etc. get absorbed easily onto the surface of
hydrouws oxide precipitates of ferric iron. This fact has been supported
by'Stumm and Morgan154 who further state that absorption of metal ions
on the surface of hydrous oxides of iron takes place with the release
of hydrogen ions or other cations. Transition and heavy metal ions
are specifically attached to the surface of the hydrous oxides. Craigen
et al.121 have also reported on the high absorption properties of hy-
drous oxides of iron. These reports strongly suggest that the hydron-
ium jarosite and the ferric oxide in the acid and ammonium leach residue
respectively may be heavily contaminated with cations from the leach
solutions and play an important role in the release of cations to the
aqueous environment.

Besides surface absorptioﬂ, occlusion of the cations during the
growth of the precipitate is also another strong possibility for cation
contamination. During precipitation when the solution contains an ex-
cess of lattice anions, occlusion of foreign cations in the precipitate
tends to predominate, the amount of occlusion increasing with increasing
concentrations of lattice anions in the solution.120 This is especially
true in the case of rapidly growing crystals. These conditions exist in
the case-of sulfuric acid leach where hydronium jarosite is precipitated
from a sulfate solution containing copper, nickel and cobalt cationms.
Also, Walden and coworker5155_157 have shown that precipitates can take
up to a limited extent many foreign constituents in the form of solid

solutions, even though the contaminant is not isomorphous with the
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the host cryséal. Under identiéal conditions, coprecipitation or oc-
clusion of foreign ions is of the same order as their absorbability on
the surface of the precipitate.

Thus it éppears fairly certain-that the acid and ammonia leach
residues contain hydrous oxides of iron heavily contaminated with copper,
nickel and cobalt ions either by surface absorption or coprecipitation.
When the residues are suspénded in water for equilibration, the ab-
sorbed cations enter the aqueous medium forming aquo complexes, hydro-
gen ions taking their place in the precipitate. It is also possible
that both cations and the associated anions may dissolve in water and
undergo oxidation. In the case of the ammonia leach residue, release
of cations may occur due to the lowering of pH from that of the pre-
cipitate fbrmation to the pH of equilibration}54

Hence, the release of copper, nickel, cobalt and iron into water

from the acid and alkali leach residues may occur due to the dissolu-

tion of the residual unleached sulfides, their oxidation, or due to thé
absorption or coprecipitation and subsequent release of the cations

from the precipitates. Comparing the concentrations of cations re-
leased from either of the residues (Tables 23 and'24) it can be at

once noted that the concentrations of cations released from acid leach
residue are about 2-3 times more than those released by the ammonia
leach residue. Assuming that concentrations reported in the distilled
water is predominantly due to the release of contaminated ions, this
interesting fact suggests either or both of the two following inter-
pretations. Hydronium jarosite may be more heavily contaminated by cat-

ions than ferric oxide. Also, it is possible that the release of
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absorbed ions may be facilitated more from the hydronium jarosite than
from ferric oxide, and hence the amount of ions leaching out of the
former is more than that of the latter. However, it is possible that
the lower equilibration pH of the acid leach residue may be an addition-
al factor causing this behavior. The behavior of iron in the residues

throws more light on the difference in characteristics of hydronium jar-

- osite and ferric oxide. It is seen from Table 24 and Table 25 that

though ammonia leach residue has a much ﬁigher iron content than acid
leach residue, the release of iron ions into water is more than three
times in the case of acid leach residue fﬁan that of the alkali leach
residue. Part of this may be due to the lower equilibrium pH in the
case of acid leach residue, However, assuming the dissolution of un-
leached pyrrhotite to be comparable in both the residues, the above fact
strongly suggests that ferric oxide is a much more stable constituent in
the alkali leach residue than hydronium jarosite in the acid leach
residue. This observation‘also ties in very well with the previous
observations regarding the release of cations from acid and alkali leach
residues. It thus appears that hydronium jarosite in acid leach resi-
due is liable to cause more contamination and contribute to much more
release of cations into water than its counterpart, ferric oxide, in
alkali leach residue.

Surface absorption and coprecipitation, as discussed earlier, is
also quite possible in the case of anions. Release of anions into
water may be replaced by hydroxide ions which have a strong affinity for
ferric iron.154 The equilibrated and centrifuged distilled water was

examined for the presence of S0, by the barium sulfate precipitation
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technique, but gave no results: This indicates that the sulfate ions,
if any, released into the water had a concentration below the sulfate
detection limit of the sample by the above technique. The detection
limit d} SO4= can be calculated knowing the solubility product of barium
sulfate and the concentration of barium chloride used. In the deter-
mination, a 10% BaCl2 (0.48M) was made use of. The solubility product

10. Hence the minimum amount

5

of BaSO, at room temperature is 1 X 10”

of SO4= necessary to precipitate BaSO4 is calculated to be 1 X 10~
ppm. However, in practice the detection 1imit is said to be about 1.0
ppm. Hencé, in the equilibrated water the sulfate content was below

1.0 ppm. Sulfate release into the equilibrated water is possible only
from the jarosite or basic ferric sulfate in the residue or by the oxi-
dation of the sulfide ions or elemental sulfur. Since a considerable
part of the sulfur in the residue associated with cations occurs as

" sulfides of copper, nickel, cobalt and iron, the major portion of sulfur
species in-£he equilibrated water can be expected to consist of sul-
fides (S=), bisulfides (HS ), hydrogen sulfide (HZSJ, sulfo&} compounds

(SmOnz), or sulfur complexes such as FeHS+, FeS etc,

2:::
Summing up, it was found that acid leach residue consisted pre-
dominantly of elemental sulfur and hydronium jarosite while ammonia leach
residue contained considerable amounts of ferric oxide. During the leach,
it appears that the cations such as those of copper, nickel and cobalt
were absorbed onto the surface of the jarosite or ferric oxide precip-
itate and were thus carried into the leach residue. During equilibra-

tion, along with some possible dissolution and/or oxidation of the un-

leached sulfides, the cations may be released into the aqueous medium.
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From the experimental observations it appears that ferric oxide in the
ammonia leach residue is a more stable constituent with respect to re-

lease of ions than hydronium jarosite in the acid leach residue.
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B, PREPARATION OF, AND EQUILIBRATION STUDIES

ON, THE HYDROLYSIS PRODUCTS OF TRON

The hydrolysis behavior of iron is an important phenomena affecting
various aspects of a hydrometallurgical process. Hence in order to
understand this more fully, an experimental scheme was devised to syn-
thesize pure hydrolysis products of iron from acidified ferric sulfate
solutions, and to examine the mineralogy, morphology and equilibration

characteristics of the hydrolysis products.

Preparation of Hydrolysis Products

Survey of published information on the preparation of hydrolysis
products of iron from ferric sulfate gave some indication as to the gen-
eral temperature range and level of acidity of their formation. Hydron-

jum jarosite has been known to precipitate at all temperatures ranging

" from 25°C to 200°C at moderate acidity levels. At higher acidity levels

(250 g/4 H2804), and temperatures of more than 140°C, precipitation of
basic ferric sulfate is favored. Ferric oxide precipitates at temper-
atures close to 200°C under low acid concentrations. Thus, conditions
for the precipitation of the desired hydrolysis pfoducts were chosen
with the general guidance of the above information obtained from the
literature.

B The experimental conditions employed for the preparation of the
hydrolysis products are given in Table 26. These conditions are those
which yielded pure precipitates of iron hydrolysis verified by x-ray

diffraction analysis. The starting solutions for the precipitation of

hydronium jarosite, basic sulfate and ferric oxide contained 25, 35 and



TABLE 26, CONDITIONS OF PREPARATION OF THE HYDROLYSIS

PRODUCTS OF IRON

Concentration ~ .Concentration T
of of 0, Retention
Fe2(804)3 H2SO4 Temperature Pressure Time
Compound g/ % . g/% °C psi Hours
Hydronium jarosite 89.3 5 95 120 6
Basic sulfate 125 62 200 150 4
Ferric oxide 62.5 0 200 200 12

Agitation speed 1000 rpm, solution volume 500 ml.

o1
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17.5 g/% of.ferric iron respectively. It can be noted that of the three
hydrolysis products, precipitation of basic ferric sulfate required the
highest amopnt of acid and that of ferric oxide the lowest. The part-
jal chemical analysis of these precipitates is given in Table 27. The
theoretical weight percentages of iron and sulfate in hydronium jarosite
are 34.82 and 39.96 respectively. The iron and sulfate content of the
sample prepared agreed véry well with the theoretical values. Similarly,
the reported iron and sulfate content of fhe basic sulfate sample,
Fe203'~ 2505 - HZO’ agreed well with the theoretical percentages of 33.1
and 56.8 respectively. When compared with the theoretical value of the

iron content in Fezoz (70%), the chemical analysis of the precipitated

sample agreed fairly well.

Equilibration Studies

Equilibration tests carried out at the early stages were made to
determine the effect of intense aeration on the equilibration behavior
of the sample. Two samples of basic sulfate were suspended in distilled
water and subjected to agitation under identical conditions except that
to one of the samples air was supplied from a compressed air cylinder
while the other sample was tested under conditions such that the only
air accessible to the sample was that of the atmosphere, The pH values
obtained as a function of time for each of the "samples is plotted in
Figure 55. It is seen that the curves match very closely. This indi-
cates that there is little or no effect of extra aeration arthe equili-
bration of basic sulfate, and it seems safe to assume the same to be |
true for other hydrolysis products of iron. Hence further equilibration

tests on the products of iron hydrolysis were done without external
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FABLE 27. PARTIAL CHEMICAL ANALYSIS OF

HYDRONIUM JAROSITE, BASIC SULFATE

AND FERRIC OXIDE

Total +2 _

Compound Fe Fe SO4_ S
Hydronium jarosite 34.86 0.09 42.78 -
Basic ferric sulfate 31.97 0.12 57.61 -
Ferric oxide 68.27 - - 0.32

R
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supply of air other than that in the atmosphere.,

The equilibration curves of hydronium jarosite, basic ferric sul-
fate and ferric oxide are given in Figures 56-58. The final pH's of
hydronium jarosite remained constantly at 3.4. The final pH's of basic
ferric sulfate remained almost constantly at 2.7, while that of ferric
oxide had initially a value of 6.5 but finally stablized at 7.0 Thus
it can be noted that all the hydrolysis products of iron equilibrate
easily and quickly to their final equilibration value, which remains
almost constant throughout the equilibration.” This fact therefore
implied that the pure products of iron hydrolysis remain stable in
distilled water when agitated for extended periods of time.

Tables 28-30 show the concentrations of ions released from the hy-
Ar01YSiS product samples during the equilibration tests. Hydronium
jarosite releases decreasing amounts of iron until at the end of fourth
equilibration cycle, no iron ions were detected in the supernatant water
obtained after centrifuging the suspended solids. Basic ferric sulfate
also releases decreasing amounts of iron for consecutive equilibration
cycles, but the release of iron ions remains at significant levels even
after equilibration. Ferric oxide releases very small quantities of
iron and soon becomes undetectable in the supernatant water. Of the
three hydrolysis produéts, basic sulfate reports the largest amounts of
iron release averaging 113.2 ppm. Release of sulfate ions by hydronium
jarosite and ferric oxide were not detected and hence could be preseni
only below the detection limits of sulfate ion determination 5y the
barium sulfate precipitation technique, which in practice is said to be

about 1,0 ppm. Basic ferric sulfate, however, released considerable
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TABLE 28. RELEASE OF IONS IN EQUILIBRATION

STUDIES OF HYDRONIUM JAROSITE

Iron SO,
4

No. . ppm ppm
1. 3.1 0
2 1.1 0
3 2 0
4 0 0

Average 1.55

TABLE 29. RELEASE OF IONS IN EQUILIBRATION

STUDIES OF BASIC FERRIC SULFATE

] Iron SO4=

No. ppm ppm
1. . 1398 1,111
2. 125 329
3. | 71.8 123
a. 76 329
5. 41 0
6. 45 0
7. 36 .0

Average oo 113.2 +270,2
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TABLE 30. RELEASE OF IONS IN EQUILIBRATION

STUDIES OF FERRIC OXIDE

Iron
No. ppm
1 0
2 0.05
3. ' 0.05
4. 0.08
5 0
6. 2
7. 0
8. 0
9. 0
10. 0
11, 0
Average 0.02*

804_ ions were not detected.

*Entry No. 6 was omitted for calculation of
average.
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amounts of sulfate during the equilibration tests but the quantity re-
leased decreased to below the detection limits as the final pH's of the

sample stabilized.

X-ray Diffraction Analysis

The identity and the purity of the hydrolysis products of iron
namely, hydronium jarosite [HSO Fez(SO4)3(OH)6], basic ferric sulfate
[Fe O3 ) 2SO3 ) H20] and ferric oxide [a - FeZOS]’ were established
primafily by the x-ray diffraction technique, and secondarily by
chemical analysis. The x-ray diffraction patterns of the samples both
before and after.equilibration are given in Figures 59-61. For every
sample, the diffraction pattern of the one before equilibration was
found to be identical to4the one after equilibratioﬁ. This, therefore,

indicates that the equilibration has not produced any major changes in

the composition or structure of the hydrolysis products.

Scanning Electron Microscope Analysis

" Electron micrographs of the three hydrolysis products of iron be-
fore and after equilibration are given in Figure 62. The hydronium
jarosite sample showed a tabular plafy morphology which remained es-
sentially the same even after the equilibration. The electron micro-

graphs of basic ferric sulfate showed needle-shaped crystals. This

‘morphological feature showed no significant change after equilibration.

However, the needle-shaped crystals exhibited the tendency to stick

together after equilibration, which was more or less the case with

the crystals in every hydrolysis product examined. Ferric oxide showed

spheroidal particles before equilibration with minor quantities of
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radiating, acicular crystals. After equilibration, a larger proportion
of the sample was made up of the acicular crystals along with the
spheroidal particles. Thus, morphologically, ferric oxide on equili-
bration exhiBits a tendency to change to basic sulfate, while hydron-
ium jarosite and basic sulfate underwent no significant change. A
notable fact that emerged from this electron microscope analysis was
that each of the hydrolysis products showed entirely different morphol-

ogies, as can be seen in Figure 62Z2.

Summary

The literature survey on hydrolysis of iron revealed a variety of
rconditions for the precipitation of each of the products. However, a
general idea of the temperature and acidity level was apparent. Ekperi-
ments conducted within this assumed ranges gave pure samples of the
. hydrolysis products as verified by x-ray diffraction techniques andv
chemical analysis. Each of the hydrolysis products was found to have
a distinct morphology, different from the‘others. It is interesting
to note that the morphology of hydronium jarosite as reported by
Kunda and Veltmanlzz is spheroidal in nature, while that which was ob-
tained in this study showed a platy morphology. Thus the conditions
of precipitation appears to have a strong influence on the morphology
of the precipitate, The chemical analysis of the precipitates obtained
revealed that the iron and sulfur contents of the precipitates matched
closely with the theoretical values, Umetsu and Sasakill7 have reported
a sulfur content of 0.7 - 1.4% in the ferric oxide precipitated from
pure ferric sulfate solutions. The sulfur content of the ferric oxide

precipitated in this study was 0.32%.
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It is immediately apparenf, by an examination of the amounts of
iron and sulfate release of the hydrolysis products, that basic sulfate
dissolves to a certain extent in distilled water, the amount of ions
released decfeasing with -time as the basic sulfate gets stabilized. The
sulfate content of the hydronium jarosite and ferric oxide were below
detection limits. It is not surprising that the sulfate release of
ferric oxide was not detected, since the sulfate content in the sample
was very low. Hydronium jarosite, however, may be expected to release
some sulfate ions, corresponding perhaps to the amount of iron ions re-
leased. |

Thus, in the overall analysis, it appears that though noné of the
three hydrolysis products underwent any major compositional or morpholog-
ical changes after equilibration in distilled water, basic ferric sul-
fate released significant amounts of iron and sulfate ions, muéh more
‘tﬁan those released‘by hydronium jarosite and ferric oxide, Hencé,'
this observation appears to indicate the relative stability of these
three compounds in water, with ferric oxide as the most stable of the
three and basic ferric sulfate as the least stable, the jarosite

having an intermediate stability value.
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C. OVERALL DISCUSSION

Hydrometallurgical processes claim, as one of their merits, the
obviation of air pollution by sulfur dioxide fumes. However, they give
rise to leach residues which when ultimately dumped into the ground

may release acid and heavy metal ions thus polluting the ground water.

This fact makes it very important to study the environmental implica-
tions of leach residues of hydrometallurgical processes, The present
study brings out some of the environmental aspects of the‘leach residues
of acid and ammonia leaching treatmeﬁts of the copper—nickel concen-
trates of the Duluth gabbro.

It was seen earlier that the acid leach residue gives rise to
hydronium jarosites on which cations and anions get absorbed or co-
precipitated. The ammonia leach residue, contains ferric oxide which
also gets contaminated by cations and anions, The hydronium jarosite
was found to be relatively more contaminated, and released cations to

the aqueous environment much more than ferric oxide. This fact is

confirmed also by tests on pure hydrolysis products. When the three
;5 hydrolysis products, hydronium jarosite, basic sulfate and ferric

oxide were examined, it was found that basic sulfate released more

ions than the other two, ferric oxide being the one which released the
least amount of ions. Comparing the behavior of pure hydronium jaro-
site and ferric oxide in these tests, the results agreed with those of

the tests on leach residue, in that hydronium jarosite was less stable,

with reference to release of ions, than ferric oxide. Thus, it can be

concluded that of the two, hydronium jarosite was more liable than
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ferric oxide to get contaminated with cations and anions, and release

them into the environment. Extending this fact to the leach residues,
it is clear that acid leach residue is more potentially hazardous to the
environment than ammonia leach residue.

The equilibration tests also gave the final equilibrating pH's of

the different products examined. It was found that the ammonia leach

residue and pure ferric oxide equilibrated at the same pH (7.0). The

equilibration pH of acid leach residue and pure hydronium jarosite were
not much different (4.0 and 3.4 respectively). It was also found by
equilibration tests with each of the pure hydrolysis products that the
morphology of the products remained the same even after equilibration
in distilled water. This was found to be true also in the case of
leach residues. This adds further eviaence to the possibility that the
release of ions to the environment by the leach residues is‘due chiefly
to the dissolution of the constituents in stoichiometric ratios, or
surface absorption and coprecipitation of the cations and anions onto
the precipitate and subsequent release of the same into the environment.
The possibility of release of ions due to structurgl change in the pre-

cipitates thus appears to be less likely.
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V. SUMMARY AND CONCLUSIONS

In order to study the metallurgical and environmental aspects of
hydrometallurgical treatment of copper-nickel concentrate from Duluth
gabbro, a detailed literature review of six hydrometallurgical ex-
traction techniques was undertaken. vFrom this review, three major
areas of interest were identified as being important in the study.
They were the hydrolysis of iron, oxidation behavior of sulfur in
acid and‘basic solutions and sulfur disposal, and the solubility
characteristics of silicate minerals. Literature reviews were made
on each of these topics and their salient features and problems were
brought to light. Aﬁ experimental program was then designed £o in-

vestigate the residues of the acid and ammonia leaching of the copper-

nickel concentrate, and the preparation and behavior of the hydrolysis

products of iron. From this experimental study, the following con-
clusions were made:

1. Hydronium jarosite was the chief iron product of the acid
leach oflthe copper-nickel concentrate under the conditions of this

study.

2. The leach residues of acid and ammonia leaching were contamin-
ated by cations and anions from the leach'Solutions, acid leach resi-
due being more affected than ammonia leach residue.

3. Hydronium jarosite in acid leach residue was more contaminated
and released much more cations to the aqueous environment than its

counterpart, ferric oxide, in ammonia leach residue.

183
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4. Of the three hydrolysis products, hydronium jarosite [HSO Fe2

< .
2O3 . 2uO3 ' HZO]’ and ferric

(S0~ (0H)6], basic ferric sulfate [Fe
oxide [ao - Fezoz], the basic sulfate released a larger amount of ions
_ than the other two, ferric oxide releasing the least quantity,

5. The sulfate ion release of the acid and ammonia leach residues,
hydronium jarosite and ferric oxide were below detectable limits,

6. The equilibration of the iron hydrolysis products were not
affected by intense aeration.

7. Each of the three iron hydrolysis products exhibited distinct
characteristic morphology. |

8. The morphologies of pure hydronium jarosite and basic sulfate
did not undergo any drastic change on equilibration, but that of ferric
oxide exhibited a tendency to change toward the morphology of the basic
sulfate.

9. Each of the hydrolysis products of iron equilibrated throughout
at almost constant pH. The equilibrated pH of hydronium jarosite, basic
ferric sulfate and ferric oxide were 3.4, 2.7, and 7.0 respectively.

10. The equilibrated pH of acid and ammonia leach residues were

4.0 and 7.0 respectively.
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ADDENDUM ’ . |

Trace element analyses of the solids and liquids used in connection
with the environmental leaching tests of the copper-nickel leach resi-
&ues are reported and discussed in the Addendum because the data from
Barringer Research Ltd. was not received before the completion of the

main text. Appendix I gives the trace element analysis of the copper-

- nickel concentrate, acid leach residue and ammonia leach residue before

and after equilibration. Appendix II gives the trace element analysis
of the equilibrated distilled water of the environmental leaching tests
of the acid and ammonia leach residues.

An examination of the trace element analysis in Appendix I
revealed that there is little change in residue composition on equili-
bration. The elements have reported in the residue at ﬁarious percent-

ages of the concentrate and frequently have completely reported in the

residue. Chromium and molybdenum contents of the concentrate, for

eXample, have resisted leaching into solution, both in acid and ammonia
systems, and have totally reported in the residues.

Appendix II shows the concentrations of various ions leached out
into the distilled water from acid and ammonia leach residues. The
concentrations of trace elements leached out are generally less than
1 ppm, and frequently of the order of ~0.05 ppm.

The trace element analysis thus shows that there is no compo-.
sitional change in fhe leach residue on equilibration, and the trace
elements leach out stoichiometrically. This is in agreement with the
ﬁﬁnclusioné drawn from x-ray analysis and scanning electron microscope

studies, and hence lends more support to the discussion in the text.
’ 196



BEFORE AND AFTER EQUILIBRATION - DATA FROM BARRINGER RESEARCH LTD.

APPENDIX I. TRACE ELEMENT ANALYSIS OF THE CONCENTRATE, ACID LEACH RESIDUE‘AND AMMONTIA LEACH RESIDUE

Acid Leach Residue

Ammonia Leach Residue

Before After Before After
Concentrate 'Equilibration Equilibration Distribution* Equilibration Equilibration Distribution*

Element % % % % ' % % : %

Al 1.5 0.241 0.291 4:82 2.35 2.480 (100) **

Ba 0.015 0.0065 0.0061 13.0 0.124 0.101 (100) **

Be n.d. n.d. n.d. - n.d. n.d. -

Ca 0.98 0.262 0.307 8.02 1.02 1.190 72.86

Cu 14.3 0.774 0.785 1.62 0.905 0.985 4.43

Fe 37.0 9.59 8.63 7.78 56.1 ©49.9 (100) **

K 0.104 0.037 0.054 10.67 0.161 0.170 (100)**

Mg 2.42 2.84 2.91 35.21 2.64 2.76 76.36

Mn 0.039 0.026 0.029 20.00 0.055 0.063 98.72 —

Na 0.26 0.49 0.41 56.54 0.590 0.6 (100)** 1

P n.d. n.d. n.d. - n.d. n.d. -

Pb 0.01 0.018 0.015 54.0 0.007 0.008 49.0

Sr 0.0037 0.001 0.001 8.11 0.007 0.007 (100)**

Ti 0.058 0.078 0.081 40.34 0.082 0.085 98.97

\'% 0.0012 - 0.0015 0.0017 37.5 0.002 0.002 (100) **

"Zn 0.033 0.02 0.0138 18.18 0.024 0.027 50.91

Th n.d. n.d. n.d. - n.d. n.d. -

Ag 0.0039 0.0006 0.0006 4.62 0.002 0.002 35.9

Cd n.d. n.d. n.d. - n.d. n.d. -

Co 0.103 0.005 0.0039 1.15 0.033 0.032 2.24

Cr 0.0056 0.079 0.0852 (100) ** 0.036 0.245 (100) **

Mo 0.003 0.028 0.0210 (100) ** 0.005 0.008 {(100) **

Ni 2.67 - 0.053 0.0756 . 0.6 0.170 0.213 4.46

Zr 0.0015 0.0013 0.0014 26. 0.004 0.003 (100) **

I percentage

of the concentrate in the unequilibrated leach residue
** indicates that the element reports completely in the residue



APPENDIX II.

RELEASE OF IQNS FROM EQUILIBRATED

DISTILLED WATER SAMPLE OF ACID AND

AMMONIA LEACH RESIDUES

- TRACE ELEMENT

ANALYSIS FROM BARRINGER RESEARCH LTD.

Element

Equilibrated Distilled Water

Acid Leach Residue

ppm

Ammonia Leach Residue

ppm

Al
B

Ba
Be
Ca
Cu
Fe
K

Mg
Mn
Na
F

Pb
Si
Sr
Ti
Vv

Zn
Th
Ag
As
cd
Co
Cr
Mo
Ni
Zr

(=) <
2oe 3.
e O

Ut

BB ED3OBEL

=]

B QLN
P NG

0.0

OO
O O W

o .
O oo

=}

0.0

o

¥ .'.‘J‘J-\I‘:i‘.::‘:ﬂ

.Q..MQ-Q.-OJQ-Q-Q‘Q-C\-D‘QQ‘SQ-Q-Q-?\Q-Q-U*&
’ o

.

(=]
L]
(93]

r




