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ABSTRACT

Some hydrometallurgical 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

g'olubility 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 aCld 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 eq~ilibrated in di~tilled 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.
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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. In this study some metallurgical and environmental aspects of

hydTometallurgical treatment of the copper-nickel concentrates of the

Duluth 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 hailed 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 £aching and environmental

leaching tests on the acid and ammonia leach residues, and of prepara­

tion 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
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The experimental techniques adopted include pressure leaching,

environmental leaching, x-ray diffraction analysis, electron microscope

analysis, etc. The e~lilibration tests with distilled water in the case

of copper-nickel leach residues have been termed "environmental leach­

ing tests" on accolmt of their closely resembling an actual plant dis­

card. Similar treatment on the pure hydrolysis products have been

termed "equilibration tests".



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

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 cOTI@ercial operation.

Ferric ion leaching in the sulfate medium is a subject that 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

technique 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 has continued to in-

terest investigators especially with respect to its effectiveness i~

treating mine wastes and low-grade deposits. Table I gives a list of

commercial plants currently in operation based on the above extraction

techniques.

3



TABLE 1. LIST OF COMMERCIAL PLANTS CURRENTLY IN OPERATION

Major Capacity Year of
Company Location Process Process Steps Products tons/year Startup

.~

Sherritt Gordon Port Saskatchewan. Sherritt Gordon NH3 leaching Ni. Co 15.000 (Ni) 1954
Mines Ltd. Canada Process H2 reduction

Western Mining Kwinana. Western Sherritt Gordon N1l3 leaching Ni 15,000 1970
Corporation Australia Process H2 reduction

*Anaconda Company Anaconda. Montana Arbiter Process NH3 leaching, Cu 36.000 1974
U.S. liquid-l iquid

. extraction, ~

electrowinning

Duval Corporation Tucson, Arizona CLEAR Process FeC13 leaching. Cu 32.500 1976
U.S. electrolysis

*Closed in December 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 knovm that for each ton of. nickel

I
produced 8 tons of ammonium sulfate are also produced, 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 bya~noniacal solutions has been suggest~

ed as early as 1905. 2 The first commercial application of the techni",

que was to the copper oxide tailings at Kennecott, Alaska,3 and to

tailings containing metallic copper at CalW11et, Michigan, 4 In 1953,

Forward and the investigators at the research department of the Sherritt

Gordon Mines Ltd., at Fort Sasketchewan, Alberta l developed the Sherritt

Go~don process, which was primarily applied to nickel sulfide concen~

trates, The chemistry of this process has been investigated and fairly

w~ll established,5,6

The Sherritt Gordon process can be outlined as follows. The flot~

ation concentrate is leached in autoclaves with ammoniacal amnlonium

sulfate solution under l20~130 psi and at ten~eratures between 80 and

o
9S'C for about 8 1/2 hours. In the case of pentlandite, for example~

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

an insoluble hydrated iron oxide.
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NiS • FeS + 3FeS + 702 +10NH3 + 4H30 ~ Ni(NH3)6S04 +

2Fe203 • H20 + 2(NH4)ZS203 .•.. (1)

The sulfide sulfur is at first oxidized to thiosulfate, then undergoes

further oxidation to yield trithionate which oxidizes finally to give

sulfamate and sulfate

2(NH4)2S203 + 202 ~ (NH4)2S306 + (NH4)2S04

(NH4)2S306 + Z02 + 4NH3 + H20 ~ NH4 • S03 • NH2 +

2 (NH4)2S04

.••• (2)

, ..• (3)

Any pyrite present in the feed remains ~elatively 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

subje~ted to oxidation and hydrolysis in order to convert all other

forms of sulfur to sulfate. Nickel and cobalt are then recovered by

i, 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 awnonia

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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Metal-containing solid

, Nickel
~product

)

Exit gal>

Copper sulphide

( .. it gas>

Tailings to, waste

Gas from
autoclaves

Ammoniumr--------..... sulphate

Aqueous ammonia

Air and

Air

Ammonia
recycle

lean
liquor
recycle

ammonia

Hydrogen

Nickel
ammonium
sulphate
rl!'cycle

Hydrogen

Hydrogen~~ ~~

sulphide

liquid to wast.

Fig. 1. Flowsheet for Sherritt Gordon process for 158
production of nickel and cobalt metals from sulfide ore.
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Chalcopyrite:

ZCuFeSZ + lZNH3 + 8 l/Z 0z + (Z+n)HZO

Z(NH4)ZS04 + Fe Z03 • nHZO

Chalcocite:

ZCu(NH3)4S04 +

•••. (4)

CUZ
S + 6NH3 + (NH4)ZS04 + 2 l/Z 0z = ZCu(NH3)4S04 +

H
2
0 , •• t (5)

Bornite:

ZCuSFeS4 + 36NH3 +Z(NH4)ZS04 +'18 l/Z 0z + (n~Z)HZO =

10Cu(NH3)4S04 + FeZ03 • nHZO .••. (6)

All other process details of ammonia leaching of copper 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

report in the residue. Table Z gives the results of tests conducted by

various 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 system (Figure Z) and by ex­

perience. Sulfide sulfur oxidizes to sulfate through a series of

intermediate sulfur species. The sequence of oxidation of sulfide sul­

fur in an arunoniacal solution may be written as follows:

sulfide + thiosulfate + trithionate + su1famate, sulfate

Other polythionates may also be formed during the oxidation but are

rapidly converted to stable products. TIle sulfamate formed in the



TABLE 2. RESULTS OF INVESTIGATIONS ON AMMONIA PRESSURE LEACHING
..............._..-....~-..... ......._------.........._-.-,.,....-......-----.....-.._.................,..........-..-~----~-----_._-------------

Leaching Conditions
Cone of °2

Leach Retention pres-
Feed Solution tillie, Temp sUI'e, Results, , Extraction

Author(s) Mineralogy Mesh Size gIl hrs °c psi Cu Ni Fe S Co

Stanczyk. M.II. anJ Chalcopyrite 92.2\ -325 59.45 Nil 1 75 100 95.8
HanapaccK, c.9 3

• forwarJ. J: .A.H Lynn-Lake - - - - >24 65-104 >125 88-92 90-95 - 60-75 50-75
Hi-Co
Concentrate

•• The Anaconda Company 17 I>linnesota 99+\ -400 - - 1.5 ,60-90 5 93.11 85.67 0.10 78.20 74.61
Cu-Ni
Concentrate

Totlani and (59 Cu-Ni 100\ -200 -70 Nil 3 5 88 150*** >99 95.S
8alaehalldra COllct:lltrate \0

('carce. et a1.41 Ni-Cu Matte 98\ -200 85-90 N11:s - 80 100 98.5 98.5 - - 95
300-335 (NII-t)2S04

Naboichcnko, S.S. and
KhuJyaLov. I.F.20 Ni-Cu Matte - - 80 NII3 4 100 120 - 97-98 - 18-19 80

180 ( N1I4)2S04

Sherritt Gordol\ Proce:>s
Arbiter Process

*··TotI11 pressure
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final solution accounts for about a third of the sulfur extracted. Sul'l".

famates'have herbicidal properties and hence they have to be completely

eliminated so that they will not contaminate the ammonium sulfate which

may eventually be used as a fertilizer.
8

Therefore, the solution con-

taining sulfate, sulfamate and small amounts of thiosulfates and thio~

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 leaching is worthy of attention, 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

, 1 1 h d d h' h 'I' 11incomplete y eac e an report as suc ln t e tal lngs. 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 or cobalt in the pyrite

and pyrrhotite also remains undissolved and reports in the leach residue,

A typical feed, product and tailings analysis of the ammonia leach

b th Sh Ott G dO' 'T bl ~ 13,y e errl or on process lS glven ln ae j. 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 13

Feed Cone Ni Copper Co,palt Tailings
(Typical) Product Sulfide Product ."

Constituent (%) (ppm) (%) (ppm) ('Ii)

Quantity
12769.37 11267.33 290.43Metric *

:.TPY

Cu 1.00 30 30 20 0.1

Ni 14.00 . 99.9% 1 1000 1

Fe 20.00 100 0.5 100 40

5 25.00 250 60 300 10

Pb 0.001 O.OS 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

5e 0.001 4 0.4

Ti 0.02 0.5 0.8

Va 0.001 0.05 0.1

Cr 0.005 1 7'

5i02 8.00 9 120

A1203 0.05 31 5

CaO 0.01 0.02 . 4

MgO 7.00 0.1 5

MIlO 0.005 0.1 1

Ag 0.001 0.05 0.05

Au

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 the 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

al ternative, anmlOnia can be regenerated from ammonium sulfate using

lime, but the calcium sulfate thus produced 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

Corporation at Kwinana, Western Australia and Impala Platinum Ltd. at

Sprillgs, 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 lower pressures (-5 psi). Tonnage

oxygen is employed instead of air. Effi'cient 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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12
winnin:g. Excellent copper dissolution has been reported. Fi.gure 3

gives a simplified flowsheet of the Arbiter process.

The feed and residue analysis of the Arbiter process on a Minnesota

17copper-nickel concentrate is given in Table 4. It should be noted

that almost all of the iron, 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 in 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 los's 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 annnonium

sulfate or calcium sulfate. The process is also dictated by the avail-

ability of cheap oxygen, lime and anunonia, 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 ceased operation on ac-

count of unfavorable market conditions and shortage of sufficient

feedstock for capacity operation of the plant,18

N b . h k d k 19, 20 h . . d d da 01C en'o an cowor ers ave lnvestlgate ffil reporte .

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 \1cll as FeS· Ni3
S2-type com.
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TABLE 4.. THE FEED, LEACHATE AND RESIUDE ANALYSIS OF THE ARBITER
PROCESS ON A mNNESOTA COPPER-NICKEL CONCENTRATE 17

Distribution
Feed- Leachate Residue Leachate Residue

% \ \ '\ '\

eu 9.80 18.3 0.85 93.11 6.89

Ni 2.05 3.54 0.37 85.67 14.33

Fe 27.60 0.016 32.5 0.10 99.90

8 18.10 53.0 4.6 78.20 21.80

Co 0.11 0.19 0.04 74.61 25.39

8i02 19.0 Nl''''''' 23 •.34

A1203 5.28 <0.001 6.3

CaD 2.80 0.0&8 2.7 3.32 96.68

MgO 5.30 0.040 5.7 0.89 99.11

Ag 0.84· <0.0001 1.15*

Iw 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 po1y~

thionates and ammonium sulfate, and iron in the form of hydroxide and

. 1 19bas1C sa ts. Table 2 shows the data on autoclave 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 02 pressure of the leach leads to increasing extractions
. 20

of nickel,. cobalt and sulfur to the solutions. The ammonium sulfate

concentration 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 coniliined 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 so~ution, This is also one of the

sources of nickel losses into the residue: since nickel that is isomor~

phica11y combined with the iron sulfide is practically nonextractab1e

into solution during ammonia leaching of the nickel mattes,19

Ammoniacal pressure leaching at 80~95° can be used for high nicke1-

i.ron and nicke1,:"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 sirnpli-

fied flowsheet of the Sher:ritt Gordon Nickel Refinery.

Sulfuric Acid Pressure Leachin~

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 U.S.

f
. 21~23

Bureau 0 lvhnes. In 1955 Forward and Halpern published the 1'e-

sults of the pioneering work on autoclave leaching of sulfidic miner­

24
also Si~lificant development in the field occurred in the 1960's

. 25-30with most of the investigations focusing on copper sulfldes. In

addition, leaching studies on copper-nickel sulfides have been reported

. 31 32
by Vezina in the early part of thlS decade. '

The chemistry of this technique has been discussed by several in-

'. 26,31,33 eh 1 . f h d . hvestlgators. a copyrlte, or example, w en treate Wlt

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.
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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.

FeS04 + 1/2 H2S04 + 1/4 02 + 1/2 Fe2(S04)3 +

1/2 H20 tt •• (8)

The fresh regenerated acid reacts with more chalcopyrite. An idealized

overall equation for chalcopyrite dissolution can be obtained by adding

the above equations.

CuFeSz + H2S04 + 1 1/4 02 + 1/2 H20 +CuS04 +

Fe(OH)3 + 2S o .... (10)

~%en concentrates contain sulfides of other metals in addition to that

of copper, acid leaching yields their sulfates

(Fe,Ni)gSg + 4 1/2 02 + 9H2S0
4

+ ~ 1/2 NiS04 +

·4 1/2 FeS0
4

+ gSo + 9HZO .... (11)

Figure 6 gives the flow diagram of sulfuric leach for cha1copyrites

d b V· l' 1 26propose y 1ZSO)'1. et a .

When two or more sulfides are leached together, the dissolution

rates of the minerals differ. Investigation of acid leaching on ~hal­

copyrite-pentlandite-pyrrhotite concentrates has revealed that pyrrho-

tite is self-sufficient in sulfuric acid for decomposition while chal­

copyrite and pent1andite require additional sulfuric acid. 3l 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 levels of sulfuric acid additions to attain high

extractions.

Results obtained from various leaching studies have been tabulated

b) d 34 db' d J . 35 heTa Ie 5. Roman an Benner an Su ramanlam an ennlngs ave pro ...

v~ded 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 behavioT of elemental sulfur during the leach

dictates the leachi~g 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 below 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

in 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 S. RESULTS OF INVESTIGATIONS ON SULFURIC ACID PRESSURE LEACHING
~ .......... t .................4>-................ .. _I.~~.:.6~~ ~~~

Leaching Conditions

°2
Cone ItetclItiun pres-

feed of 11
7

5°4 time Temp suJ:.'c, Kesults, , Extraction
Author(s) Hilleralo~y Mesh Size g t ill'S "c ps i Cu Ni S6", Co

Stanczyk, M.II. and Chalcopyrite 100\ -270 0 0.5 ·200 115 97.6
Ru.'lpacek, C. 27

Vel tman, II., et al. 25 Chalcocite !lOt -325 ]06 2 107 SO 97.3 - 9.8
concentrate

Vizsolyi, A., et al. 26 Chalcopyrite 99.5\ -325 95 2.5 115 SOD 98 - 85
concentrate

Vezina, J.A.31 COlllplcx CureS 2 101l\ -325 37.54 14 115 400 95.1 99.2 - 98.2
.. (Nil'e)S ..
pyrrhuti tc
COIH.:entn.lte

. Vezina, J.A.32 " 93\ -20 \J 8 115 !lO 90.6 99.0 - 97.8

t-IRRC 3b Complex chaIco- lUO\ -ISO 10.24 3 115 300 37.0 52.4 - - N

pyrite -+-
~

cuhunite ..
pentlundite ...
pyrrhotite
(lluluth gabbro
bulk sulfide
concentrate)

I~as, L.A., et al. 37 " lOU\ -315 SO 4 100 400 62 82

KitwuHa, r., et a1.39 Chalcopyrite ... - - 250 3 102 150 98.4
boruite
conccntrates

Tl.ltillni and eu-Nt concentrates - - 30.6 6 113 500 24.4 83.4
Ba I uchanJral bO

Pearce, et a1.41 Ni-Cu-Co matte lt4\ -200 1.65 8-10 121 95-100*** !)O 98.5 - 9(1

Haas, L.A., et a1.37 Cu-Ni matte - - 100 6 180 450*** >98 >98

~

SO r~prcsellts sulfur In eltllhcntal fonD
** Sherri tt-COlllilll::O Copvor Prol:uss
• ...Air pressure
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jarosite is formed along with lesser quantities of basic

ferric sulfate. A detailed discussion on the behavior of iron during

acid leaching is given 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 at temperatures 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.,37 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, nickel and cobalt

reporting in the leach residue could have been originally dissolved in··

to the leach liquor and subsequently coprecipitated with the hydrous

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

availa.ble for recovery becasue they are locked with the iron compounds.

Another sulfuric acid leach process was developed in 1976, jointly

by Sherritt Gordon Mines and Cominco, with the ehief objective of treat-

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

38copper and secondary metals content. The process has been successfully
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TABLE 6. - Effect of temperature on copper extractio~7

Reaction temperature, Copper extraction percen t
0 C Borni te .L Chalcocite:d Chalcopyrite

125 ...... "... e e " ••• Cl •• $ ••••• G •• 46.4 63.7 10.8
150 ••••••• oe.o •• m.o ••••••••••• 72.5 84.2 32.0
175.0 ............. 00s ••••••••••• 91.0 97.8 79.0
200 •••••••••••••••• 0 •••••••••• 98 .. 8 99 .. 8 97 .. 6
225 .. ., .... lib ., " e .... " e e & ••• 'It ..... ., • 99.0 99.8 97.8
lTests made with 0.5 Ib ~SO~ per Ib bornite.
2Tests made with 1 .. 0 Ib ~S04 per lb chalcocite.

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

27
TABLE 1.. .

- '
Chemical analysis of minerals

~

Mineral Analysis ~ percent
Cu Fe S Insoluble

Chalcocite ••••••••••••••• 74.02 3.08 18 .. 53 0.85
Covellite •••••••••••••••• 66.32 .70 30.00 .50
Bornite ............... III ......... " 64.73 9.30 24.10 .20
Chalcopyrite .............. 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

Borni te ................. 1.6 47.4 1.8 0.8
Chalc.oci te ..... eo ............. 2.1 41 .. 3 .5- .,3
Chalcopyrite •••••••••• 1.5 56.2 1.1 2.0
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tested in a $5 ..2 million pilot plant processing 9 tons of pyritic copper

cone J 'ates per day. The first stage of the Sherritt-Cominco Copper

Process involves thermal activation wherein the concentrate is heated

to about 650°C in a roaster in a current of hydrogen. 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.

SCuFeSz -+ 5CuFeS108 + 1/2 Sz · ... (12)

· ... (13)

.... (14)

· ... (15)

The calcine from the above treatment is subjected to an acid leach,

where the troilite dissolves.

FeS + H
Z
S0

4
80~C FeS0

4
+ HZS · .. . (16)

The solution containing the dissolved iron is subjected to oxydrolysis

with ammonia to precipitate jarosite. The residue from the acid leach

containing the chalcopyrite is then subjected to an activation leach

removing zinc, other base metals and iron. The residue from the acti-

vation leach enters the oxidation leac~ing stage where the leaching

takes place for about 3 hours at 110°C and 100-ZOO psi oxygen over-

pressure.

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 temperature oxydrolysis .. The copper is then
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recovered by electronwinning as wire grade product. A simplified flow

diagram of the process is given in Figure 7.

The Sherritt Cominco Copper Process claims several advantages. It

enables the treatment of relatively 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 recovery has been reported. 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 co~nercially 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:

.... (18)

•••• (19)

Pearce et al. 41 at the Sherritt Gordon Research Laboratories have

reported the studies of acid leach on a high cobalt matte containing

nickel, copper, iron 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 acid

leach for the nickel-copper~cobaltmatte as proposed by Pearce et ale

Working on mattes obtained by smelting bulk flotation concentrates of

the Duluth con~lex are, Haas et al.
37

have reported copper and nickel
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Fig. 8. Acid leach and preferential
hydrogen reduction for r nickel­
copper- cobalt matte. 4
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extractions of ovel~ 90% when leached wi th 100 grams/ Ii ter HZSO4 at ISaoC

and 3S n 3i air pressure. Table 5 gives relevant data 011 acid leaching

of mattes by different investigators.

Several commercial 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 Rustenburg Platin­

um Mines in South Africa. 43 At N~AX'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 flowsheet of the

above process is shown in Figure 9.

Acid leaching is also employed by the OUtokumpu refinery at Har­

javalta, Finland for its high-grade nickel-copper matte. 111e 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 by electrowinning. A flowsheet of the

Outokumpu refining operation is given in Fi~tre 10.
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In Rustenburg Platinwn Mines, South Africa, copper and nickel are

obtained as by-products, the main object of the plant being the ex...

traction of platinum. The flotation concentrate consisting of copper,

nickel and iron sulfides 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-

s~re 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

If"d d t db" 1" 21-23 d B:r·own. 44 S 1copper su 1 es were con ue e y bU ~lvan an evera

investigations have been carried out on ferric sulfate leaching since

the early 60's, including studies by Dutrizac45 - 47 and Thomas48 ,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-H20-C02 system at 25°C, from which much valu-

able information can be gleaned. The trivalent species of iron is

stable at low pH and high oxidation potentials. In other words, solu-

tions containing trivalent iron are stron g oxidizing agents with as-

sociated oxidation potentials of about +0.8V. Hence, when a metal
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sulfide eMS) is immersed in an acidified ferric ion solution, the fol10w-

ing reaction is pl'edicted according to thermodynamic data:

3+ 2+ + 2+
MS + 8Fe + 4HZO + M + 804 + 8H + 8Fe .•.. (20)

Although the above relation indicates the formation of sulfate sul-

fur, in practice it has been found that considerable fu~ount of elemental

sulfur is produced. Hence, the leaching reaction can also be represented

in the following form:
3+ 2+ 2+MS + 2Fe + M + 2Fe + SO •..• (21)

The Eh-pH diagrmn in Figure 11 also brings out some of the diffi-

cuIties associated wi th 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-

1ems in two ways.. The ferrous ion in the 'I each liquor proves troubie-

some in the metal recovery stage because of the difficulty of removing

them. Also, the ferrous ion content has been proved to be detrimental

t th ff ·· f . f . f . If 1· 51o e e- lClency a extractlon a copper ln errlC su ate so utlons.

A further limitation of ferric ion leaching solutions is that they are

very sensitive to tmeperature and pH changes. Also, an obvious dis-

advantage 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

ions from the leaching solution thus reducing its efficacy.

But in spite of these, two ferric ion leaching media 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 feTric sulfate and ferric chloride are readily soluble
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in cold water, as are their corresponding ferrous salts. Thus concen-

tratprl .ferric solutions can be used with little danger of salt crystal-

liza.tion occurring .. Studies on both ferric sulfate and ferric chloride

solutions have revealed certain basic behaviors in each of them, but

thorough and fundamental information on them is lacking.

52
Dutrizac and MacDonald have presented an excellent review of the

ferric ion as a leaching mediloo. Ferric chloride is recognized as a

Sl
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 ferric chloride solutions, increasing Fe3

+ concentration

produced beneficial results. Further study into this observation 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 solutlon. 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 next chapter.

Du . 1 4S h d h f h· d ftrlzac et a. ave reporte t e results 0 leac lng iscs 0

synthetic chalcopyrite at tempe.ratures 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 stoich~ometric rela-

tion:

•... (22)

The critical ferric ion concentration has been reported to be 0.01

molar above which the rate of reaction is independent of the concentra-

tion. The rate decreases with time t, and has been found to obey a

parabolic law of the form C = Kit, 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 ale have further reported that

the rate of reaction is controlled by the inward diffusion of ferric

sulfate below the Fe'3+concentrate of O. DIM and by the outward diffusion

of ferrous sulfate above the concentration of O.OIM. 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 Peters5l have also reported that ferric sulfate solu-

tions attack tIle 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 parti~les carried out in order to improve 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 sulfa't:e leaching in practice



TABLE 8. RESULTS OF INVESTIGATIONS ON FERRIC SULFATB LEACHING

Leaching Conditions

Author(s) Mineralogy
Sample

Mesh SIze Cone Time
Temp
°c

°2Pres!. Results, \ Extraction
psi Cu Ni S6 .. Fe

Sullivan. J. D.2~ Bornite
(CuSFeS4)

MRRC36 Complex
chalcopyrite +
cubanite +
pentlandite +
pyrrhotite

. (Duluth gabbro
bulk sulfide
concentrate)

100\

100\

-100

-150

5\ FeS+
0.5\ H2S04

2.2% Fe3+
2\ H2S04

7 days 3S

3 hours 150 300

71.

48.2 71.4

45.3 35.8

56.9

(.M
to

•

·5· represents sulfur in elemental fora
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may be seen in dump and in situ leaching of copper and uranium ores.

Scientific interest in this subject is very active especially due to

its close association with bacterial leaching. The advantages in the

above leaching techniques 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

search Center have developed a leaching process for chalcopyrite con-

of their studies of the effect of various parameters on ferric chloride

60More recently, Haver and Wong of the Reno Metallurgy Re-leaching.

The leaching technique using ferric chloride has been investigated

53-56as early as 1916 and has been the basis for several patents. Also,

. 57-59. 21-23Trall and McClelland, and Sulllvan have reported the results

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

C C
. 56

-esses developed along similar lines are the UB - omlnco process,

61 62
the Duval CLEAR process, the Cymet process, and the new Cyprus

63
process. Table 9 gives the results of the various investigations on

ferric chloride leaching.

Essentially, the technique consists of agit~ting 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:

CuFeSz + 3FeC1
3

= CuCl + 4FeC1
2

+ 2So •• • .:{Qo)

Roman and Benner34 have proposed the following two-stage mechanisln, in

which the cupric ions plays a major role as an oxidant.



Author (5)

Trail, R. J. and
McClelland, w. R~7

Haver, F. P. i~d
Wong, M. M.

~ilner et al?6 .

••. 62
Krues1, P. R. et al.

TABLE 9. RESULTS OF INVESTIGATIONS ON FERRIC CHLORIDE LEACHING

Leaching Conditions
Sample Cone Temp Time# Results, \ Extraction

Mineralogy Mesh Size g/l °c hrs Cu Ni SO « •• Fe

Amulet ore - - 77.1 Pe3+ 90-95 7 5/6 90.2 - 68.1 73.1
concentrate (70.85 Pe2... )

(pyrite-
pyrrhotite-
chalcopyrite
concentrate) ~

Chal copyrite 98.9\ -325 212 p~3 ... 106 2 99:9 70.5 73.7 1-1-_.

Chalcopyrite 95\ -325
3+

100 9 99.5 7912B.S Fe2+ -
(16.0 Fe )

Chalcopyrite 95\ -200 - 75-80- .. 99 - 85

* UBC-Cominco Process
"Cy;net Process

, **·5· represents SUlfur in elemental for.
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C F S + 4F Cl ~ C Cl ~ SFeCl + 2S o
ue 2 e 3 u 2" ,2

CuFeS2 + 3CuC1 2 ~ 4CuCl + FeC1
2

+ 2S Q
• to • (25)

Thus ferric chloride leaching is in fact cupric chloride leaching. This

Slpoint of.view has been substantiated by Jones and Peters on the basis

of mixed potential studies.

Ferric chloride proves to be a strong lixiviant for chalcopyrite on

account 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 Fe2+ content. Microscopic studies on chal­

51copyrite by Jones and Peters 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 the ferrou's ehIor...

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 the recovery of elemental

sulfur, and th~n subjected to cyanidation to recover gold and silver.

Figure 12 gives the schematic f10wsheet of the above technique.

The technique claims several advantages. The-low energy demand,

competitive costs, and the ease of regen~ration of the ferric ions are

notable merits. The high solubility of the chloride ions and their

ability t9 complex copper readily make this technique more attractive
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than the ferric sulfate leaching technique. 1his method also possesses

the advantage of the possibility of completely recovering the precious

metals from the residue. But serious limitations envisaged in this

technique are corrosion problems arising in material handling and pro­

cessing~ requiring special materials of co~struction. Also of important

consideration is the adverse environmental effects brought about by the

chloride fumes and mist.

The UBC-Cominco process ,vas 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.

UBC-Cominco process; metallic copper is added to the leach solution,

containing cuprous, ,cupric and ferro~s 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:

Haver and Wong is the method adopted for winning the copper.

CuC1 + 1/2 H2. ~ Cu + HC1

In the

••.. (26)

The f10wsheet '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 limitations associated with

ferric chloride leaching processes apply to this technique, namely

corrosion and environmental problems.
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Fig. 13. The UBC-Cominco Process.



The Duval CLEAR (Copper Leaching, Extraction And Refining) process

developed by the Duval Corporation is based on the general technique of

hI °d 1 1 0 61 Th bl f hferric c orl e ~acllng. e nota e eatures are t at copper ore

is added to reduce cupric ions to cuprous ions and the recovery of metal-

lic copper is accon~lished 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 process, namely reduction stage l

electrolysis stage, and the combined oxidation, reg~neration-purge

stage for chalcopyrite can be represented by the following partial

reactions:

(a) Reduction stage:

2CuFeS2 + '3CuC1 2 ~ ,4CuCl + FeCI,., + 28 + CuFeS Z, •••• (27)
i

L.I
I

(b) Electrolysis stage:
(b) (c)

4CuCl .+ FeC12 ~ 2Cu +,2CuCl Z + FeClZ, •••• (28)
I

(c) Combined oxidation,
(c)

regeneration-purge stage:

CuFeSz + 2S + 2CuCI
Z

+ FeC1
2

+ 3/2 O2 + 3H
Z
O +

3CuClZ + 3Fe(OH)3 + 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 operation in Tucson,

The basic chemistry of the process is as follows. Chalcopyrite

concentrate is finely ground and leached at 70-80 0 C with ferric chloride

in accordance with the following equation:

CuFeS2 + 3FeC13. + CuCl + 4FeC1
2

+ 2So , , , t (30)

.",(31)

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.

CuFeS2 + 3HCl - 3e + CuCl + FeC1 2 + 2S o + 3H+

At the cathode, cuprous chloride is reduced to copper

3CuCl + 3e + 3Cu + 3Cl

3H+ + 3Cl + 3HCl

•.•• (32)

.•.• (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:

3FeC12 + 6e + 3Fe o + 6CI .•.• (34)
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Anode:

6FeC12 - 6e + 6Cl ~ 6FeC13
••.. (35)

From pilot plant 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 simpli­

fied flow diagram of the CYffiet process for chalcopyrite 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 residue 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 tailings.

As can be seen from its chemistry, the unique feature of the CYffiet

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 power costs and market for

iron. Additional disadvantages are the production -of copper powder

which requires further refining, and technological and corrosion prob··

lbensinvolve9 in the operation of slurry electrolytic cells. Because
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Table 10.

Chalcopyrite Flowsheet

Chemical Analysis of Feed and Products 62

Chalcopyrite Tai,lings Copper Refinery Sulphur
Feed % Powder Anode Product

% % Sludge « % %

27.1 0.8 90+ 46

32.1 20.0 0.35 0.. 48 99

27.5 19.0 1.1 0.75

0.26 Trace 0.1

0.22 0.56

0.07 Trace 0.27 12.0

0.04 Trace 0.01

0.03 Trace <0.005

0.02 Trace 0.032

0.009 Trace 0.0007 0.03

12.24 60.1

2.40z/ton 0.3 oz/ton 0.02 0.48

0.04 oz/ton 0.0 oz/ton

Elements

Cu

S

Fe

Zn

Mo

Pb

Sb

As

Bl

Se

Insoluble

Ag ,

Au
..

51

Electrorefined
Copper

Cu 99.95%
Following Tra ce
Elements Detected:

Electrolytic Iron
Product

Fe 99.5%
Following Trace
Elements Detected:

Al
Fe
Mg

. Si
Pb

20 ppm
ZO ppm
50 ppm
25 ppm

<10 ppm

Cu Recovery 99%
Ag Recovery 97%
Au Recovery 60%

Cu
5
Mo
Pb
02
P

500 ppm
3 ppm

30 ppm
100 ppm
350 ppm

20 ppm

C 80 ppm
HZ 50 ppm
NZ 30 ppm
Al SO ppm
Ni 150 ppm
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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 the 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 subj ected· to a cupric ion leach in a chloride

+medium, which generates cuprous ions (Cu ). TIle rtregnant liquor after

filtration is subjected to a crystallization step whereby cuprous ch1or-

ide crystals are obtained. After separating the cuprous chloride crys-

ta1s, the liquor is subjected to an exothermic oxidation which converts

. (++) d f . f' (F +++)the cuprous ion to cuprlc Cu an errous lon to -errlC e .

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

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:

CuC1 +. 1/2 H2 -+ Cu + HC1+ •••. (36)

Copper is deposited around the sand particles forming nodules which

are withdrawn when they are approximately 92 percent copper and 8 per~

cent sand. The hydrochloric acid vapor generated is scrubbed and re-
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turned to the hydrometallurgical 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~

through" because of its low consumption of reagents, power and labor,

amenability to a high degree of automation, pollution-free operation,

and applicability to all known 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 small 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

66sulfides has been reported as early as 1909. Several processes

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

69-71and even reached the pilot plant stage. 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 oxides 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 when Schaufelbe~ger 72 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 74on 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

pyrites has been given by Prater et al. 73 as follows. Initially,

the oxidatiQn 6f sulfide sulfur to elemental sulfur takes place

with the formation of soluble copper andu"Oll 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 sulfuric 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:

•••• (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 NOZ may be evolved instead of NO. Figure 17 shows the

flowsheet for nitric acid leaching of copper concentrates proposed

73
by Prater et ale
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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. Dependi~g on the acid concentration, either NO or NOZ or a

definite ratio of both gases are produced. This can be seen from

the following equations and Figure '18.

6CuFeSZ + lOHN0
3

+ l5HZS04 + 6CuS04 + 3FeZ(S04)3 +

10NO + 1ZS o + ZOH29 .... (38)

ZCuFeSZ + 10HN0
3

+ 5H
Z

S04 + ZCuS04 + Fe2 (S04)3 +

10NOZ + 4S o
+ lOHZO · ••. (39)

From Equations Z 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 produGt. Hence reaction (38) is favored. .However, the

whole situation is further complicated by the fact that NO and NOZ

react with water and oxygen in the following manner:

NO + l/Z 0z + NOZ · ... (40)

• •.• (41)

• ••• (4Z)

Thus nitric acid concentration is an important consideration. By

controlling the nitric acid concentration, almost exclusive evolution

of NO may be possible. Studies show that below 25 percent HN03

nearly pure NO was produced. In the f10wsheet proposed by Prater

. 73 .
et a1. the NO gas mlxture evolved from the leach was taken to

x

ml absorption tower where it was contacted with cold water in the

presence of 02 to regenerate HN03.
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Table 11 gives the data on different investigations of nitric

acid leaching of· sulfides. The metal extractions in nitric acid

leaching were found to be dependent on acid concentration, mineral

, 1 ' d' 73. ,type, partlc e Slze, temperature an tlme. Studles on chalcopyTlte

have indicated that copper recovery increases with increasing time,

74acid concentration and temperature. Dissolution of iron follows

74the same trend as that of copper. Studies on nitric acid leaching

of a low-grade nickel-copper sulfide concentrate indicated that

nickel recovery increases with increasing time up to about one hour,

and increases with increasing acid concentration up to 30 percent

HNO h ' h "1 1 h" d 773 at w lC concentratlon a most tota recovery was ac levee

73
Prater et al. 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 reported by these authors.

The most desirable sulfur product in nitric acid leaching 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 HN03 concentration when a deficiency of

HN0
3

is present. 73 On the other hand, overall SO yield is decreased

with increased H
2

S0
4

concentration. But, increasing leach temperature

and HN03 con.centration also accelerates the oxidation of SO to sUlfate.
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TABLE 11. RESULTS OF INVESTIGATIONS ON NITRIC ACID LEACHING

Leaching Conditions
Conc of Results

Feed HN03 Temp % Extraction
Author(s) Mlneralogy Mesh Slze % COC) Time Cu Ni fro

Prater, J.D., Chalcopyrite + - - 50 95 40 min 99.8 ()"\

et al.73 bornite + pyrite 0

concentrates

Habashi, Fathi77 Pyrrhotite + 100% -400 30 100 8 hrs 86.5 98.5 65.5
pentlandite +

chalcopyrite
concentrates

Habashi, Fathi74 Chalcopyrite - - 2.5 100 8 hrs 82 - 47.2
concentrates·
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Table 12. Relative reactivity and elemental
sulfur yield of pure minerals leached with

nitric acid. 73

Minerai

C~bS~
Cu~
FeS
FeSt
CuaS­
CUS"
CU:.FcS.
CUF~St

nflatlTe
nuetlTJt:y

10
a
7
7
S
G
5
2

ElerneuULI Soli'nr
Yield, % of

ReActed Salfar

40
15
60

3
55
50
60
45
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Hence l it appe'ars that an optimum value of temperature and HN03

con,__A. _ration exists for maximwn net yield of So. Habashi74 reports

tha~ for chalcopyrite elemental sulfur recovery increases with

increasing time and temperature up to 100°C when leached by dilute

acid (7.5 percent HN0
3

) , When 'concentrated acid (60 percent HN0
3

)

is used l the SO 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 SO yields are

given by chalcocite (Cu2S) I bornite (CusFeS4) and pyrrhotite (FeS),

pyrite giving a low elemental sulfur yield. Chalcopyrite gives a

. Id f' d' 1. 73 S If 1 1 IfYle 0 lnterme late va ue, u ur recovery as e ementa su ur

under most favorable conditions for nitric acid leaching of chalco­

74pyrite was fOill1d 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 (3Fe203 '4S0
3

'9H20), which is

crystalline, readily filterable and does not entrain copper:'73

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 gradual consumption

of HN03 and H2S0
4

as seen from the following reaction:

6CuFeS2 + 22HN03 + 9H2S04 + 6CuS04 + 3Fe
2

(S04)3 +

•••• (43)
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This rise in pH precipitates iron as hydrogen jarosite according t6

the "(-, lowing reaction provided favorable temperature and percent

solids prevail:

6Fe+++ + 4S04+ 14H20~· 3Fe
2
0

3
'4S0

3
'9H

2
0 + lOH+ .... (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 'SH
2
0 takes place instead of hydrogen jarosite.

Severe deficiency of sulfate results in the precipitation of FeO' (OH).73
o 73

Nitric acid leaching claims several advantages. It achieves

high extraction of copper, solubilization at moderate temperature,

moderate pH and atmospheric pressure, and recovers a portion of the

sulfur in the elemental 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 copper 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 e1ectrowinning from leach

liquor, recovery of precious metals and environmentally acceptable

disposal practice, has been developed by the E.I. Dupont de Nemours

76
Company. 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 Corporation, has shown that the process is

competitive with pyrometallurgical and other hydrometallurgical pro-

cesses. Process improvements of the NSL process is undel~ay to further

reduce costs and make the process commercially more attractive.

6. Bacterial Leaching

Bacterial leaching of sulfide minerals has been a much studied °sub-

ject ever since Colmer and Hinkle in 1947 first demonstrated the role of

this field. Since then,many investigators have studied the mechanism

and progress of bacterial leaching on various sulfide minerals such as

Essentially bacterial leaching involves the oxidation of a mineral

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

chalcopyrite, covellite, bornite, chalcocite, pyrite, millerite, pent-

o d. 80-84Ian lte, etc.

b .. I h· 78acterla ln eac lng.

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

85pole flagellum. Thiobacillus thiooxidansohas the ability to oxidize

elemental 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 ferric iODS in an acid rneditIDl. These two

microorganisms are autotrophic and use carbon dioxide as the sale 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

the mechanisms are operative during the actual leaching, with one pre-

It is probable that both

direct bacterial attack of the mineral in the presence of dissolved

80 81 82
oxygen has been supported by Razzell, Bryner et al., Duncan et al.,.

Beck and Brown,86 etc., and has been demonstrated for some sulfides

52
such as ZnS and CuS. The other mechanism is the indirect leaching

chalcopyrite dissolution, the chief role of bacteria bei~g only to

action of ferric ion 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

provide an active ferric sulfate lixivant.

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:

•••• (45)
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The ferrous sulfate produced is oxidized to ferric sulfate by oxygen

in the presence of bacteria:

bacteria
4FeS04 + 2H2S04 + 02 . ~ 2Fe

2
(S04)3 + 2H20 · ... (46)

The ferric sulfate attacks the chalcopyrite forming more ferrous sul-

fate which repeats the oxidation cycle:

+3 2+ 2+CuFeSZ + 4Fe + Cu + SFe + 2S o • ... (47)

The elemental sulfur generated during the leach is converted to acid

by the bacteria, and keeps the iron in solution:

SO + 1 1/2 02 + H
2
0 bacteri f H

2
S0

4 · .•. (48)

Reaction (45) proceeds slowly and hence initial leaching rate is re1a-

tive1y slow, but accelerates with time to some limiting value.

83 84 .Razza1l and Trussell, and Duncan and Trussell studled the

bacterial leaching of millerite (NiS) and pentlandite [(Fe,Ni)gSg]' and

reported that the dissolution of nickel from pentlandite was more rapid.

They have also proposed that the dissolution is effected by direct

bacterial action. This mechanism is further confirmed by Torma
89

who

obtained high dissolution rates from pure NiS using iron-free bacterial

solutions. However, when iron is present in the system, as in the

leaching of pent1andite, it is quite likely that ferric ion attack would

be an additional significant factor contributing to the dissolution.

The bacterial oxidation of pentlandite has been stated as follows:

. bacteria
(Nl,Fe)gSg + 17 5/8 02 + 3 1/4 H2S04 -+

4 1/2 NiS04 + 2 1/4 Fe2(S04)3 + 3 1/4 H20 •... (49)

Table 13 shows the results of several investigations on bacterial 1each~

ing of sulfide minerals, It is to be noted that the ,investigations vary



TABLE 13. RESULTS OF INVESTIGATIONS ON BACTERIAL LEACHING USING THIOBACILLUS FERROOXIDANS

Feed Temp Yield, %
Author(s) Mineralogy Particle Size (OC) Time Cu Ni

Pinches, A., et a1. 'Cha1copyrite + 2.1 11m 35 - 79.5
bornite + pyrite
+ covel1ite
concentrates

Duncan~ D.W., et a1. Chalcopyrite 100% -400 mesh - 120 hrs 59 - (J\

concentrates co

Duncan, D.W. and Chalcopyrite 100% -325 mesh 35 33 days 100
Trusse1, P.C. (museum grade

mineral)

ThJncan, D.W. and Millerite 100% -325 mesh 35 23 days - 58
Trussel, P.C. (mus eum grade

mineral)

Sakaguchi, H., et ale Chalcopyrite -37 II 35 400 hrs 60
concentrates
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on such details as experimental conditions, leaching medium, procedure

adopted, etc., and hence for additional specific infol~ation on the in-

vestigations, the reader is referred to the references cited.

A review of published information on bacteri~.leaching points out

h f h . f f . 1 h· 91t e ollowing as among t e chle actors J.n eae lng:

(a) An available source of substrate,

(b) Supply of carbon dioxide which is the sale 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 source of trace elements, and as a solvent for 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. It is most de-

sired that the substrate be soluble, like with ferrous 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. 83 92Razzell et ale ' reported that

copper dissolution was faster with fine particles of chak opyrite than

coarser ones: and the maximum extraction was obtained with 42~m 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·tb 64 ~m size. 93 Hence, fine particles increase the

surfae Tea exposed to the bacterial attack and enhance the dissolu-

tion rates. However, it has been reported that the rate of copper re-

lease from chalcopyrite increases with decreasing particle size dO\Vfi to

sizes below 400 mesh, at which point some other factor becomes rate-

11 ' 94contro Ing. 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 need oxygen, nitrogen, phos-

phate and carban. In addition, calcium, magnesium and potassium are

beneficial. The supply of adequate oxygen is one of the najor con-

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

that in the case of chalcopyrite, 2.13 pounds of oxygen are necessa17

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 system with carbon dioxide which is the sale source of

carbon essential for bacterial growth. Glucose has also been investi­

gated as a possible source of carbon. 80 Ammonium salts are the major

suppliers of nitrogen to the bacteria, although urea has been found to

be equally effective. 95 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

. . d d d 81,83 B' . bhas been well InvestIgate an reporte. acterla are actIve e-

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 14.
CHEMICAL COMPOSITION

3
0F A TYPJCAL

NUTRIENT ~4

Component Concentration
(gil)

(NH4hSO... 0,1-5

K2 HPO... 0,5-5

KCI 0,05-0,1

AI2 (S04h "18H 2 O 1,0-8,0

MgS04"7H 2 O 0,01-3,0

MnS04"H 2 O 0,05

Ca(N03.h "4H 2 O 0,01

Na2S0... 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 £oating of the precipitate on the

sulfide particles or due to the removal of the ferric ion oxidant from

the system. Lower limit to acidi~y may be due to the tolerance of the

bacteria to the H+ ions. 34

Bacterial activity has been IOUnd TO closely depend on the temper-

ature. The optimum temperature _range for leaching with Thiobacillus

Ferrooxidans has been reported -to heb.etween 25 and 45°C
96

(Figure 20).

Dissolution rates fall sharply above 40u C and all biological activity'

ceases above 50 o e. 97
However, recent studies have indicated that

bacterial leaching in the temperature range 50°C to 80 0 e can be achieved

by Thermophilic acidophilic thiobac:t..eri.a .. 96 This presents the possibil-

ity of higher extraction rates on account of the increased temperatures.

Further investigation is necessary to £ully understand this phenomenon.

The effect of solubilization of iron from the metal sulfides in

bacterial leachin[ systems has been rEported by Torrna~O,98 Iron hydroly-

ses to a basic ferric hydroxide whi~h deposits on the surface and in~

hibits further bacterial action. Thus the reaction rate decreases from

a maximum value at the start of ~he reaction to a value dependent on

the diffusion rate through the hydr.oxide deposit· and the reac.ted shell.

According to the next hydrolysis reactions, the iron precipitate has

f 11
. .. 90

the 0 oWlng con~osltlon.

1 1/2 Fe2lS04)3 + 6H20 :t. HIFe(S04)2 · 2Fe(OH)3]

+ 2 1/2 H2S04

. .•• (50)

... ~(51)
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•... (52)

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

extraction 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 process

for chalcopyrite concentrates is given in Figure 2199 and a simplified

flow diagram of bacteria leachIDg of ores and minerals is given in Fig­

8Sure 22. 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 @ld sent to the recovery

s~ep. The recycling aqueous solution will contain variable amounts of

orga.nic constituents depending upon the solubility of the solvents used

and the mechanical losses due to entrainment. Studies have shown that

these contaminants adversely affect bacterial leaching of chalcopyrite

d d··· f h' b . 11 f .dIDO, 101by re ucing the oxi lzing ablllty 0 T 10 aCl us errooXl ans.

Thus the dissolved organics contribute to a reduction in the solubilisa~

tion of metals from the ore or minerals in such a £lowscheme and also

represent an economic loss. Further, they also pose hazards if these

solutions containing the organic compounds are released into the environ~

mente It is recommended therefore that the aqueous recycling liquor be

treated with activated charcoal or other inert absorbent to remove all

. b fl' l' h' 85organic matter e ore recyc lng or re ease lnto t e envlronment~



CONCENTRATE

7S

INOCULUM
NUTRIENTS

MEDIUM

RESIDUE I

REGRINDING

RESIDUE II
REGRINDING

SOLVENT
EXTRACTION

+
ELECTROWINNING

REJECT

RESIDUE m

COPPER

TO MARKE T

Fig. 21 j3chematical representation of a microbiological batch leaching process
for chalcopyrite concentrate treatment. 99



76

ORE

RESIDUE

.. ~
-

. LEACHING· ...
I'"

... ,

,,"
S/L SEPARATION"

,tI'

SOLVENT EXTRACTION

"

STRIPPING )

RECYCLING
LIQUOR

RH:OVERY
OF

METALS

".
Fig. 22. Simplified flowdiagram for bacterial leaching

of ores and minerals.



77

Bacterial leaching is associated with the conventional in situ

heap 2-~ <lump leaching methods employed for low~grade ores. Several

of these are in operation in the U.S.A. TIle in situ leaching opera-

tion of the Rancher's Explorations and Development Company at Arizona

handles 4 million tons of about 0.8% copper ore leaching 20 tons of

d 102copper per aYe Another plant in Arizona, Asarco's Silver Bell Unit,

dump leaches 5 million tons of mine waste containing 0.2-1% copper.

Bacterial leaching technique has the advantages 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.
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B. STUDY OF HYDROLYSIS 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/i

respectively. The 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, loss due to coprecipitation or

entrainment of precious metals, etc. Also, in those leaching processes
I

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 residu~s and this has led to the

Jarosite process, developed independently by the Electrolytic Zinc Co.

of Australiasia Ltd., in Australia, Det Norske Zinkkompani A/S in Nor-

d . d Zl'nc S.A., of Spal·n. l07
way, an Asturlana e Details of the process
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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, FeZ03 •

xHZO, which is reported to form a coating on the sulfide particles. In

the nitrate systems, iron precipitates from the solution as ferric

hydroxide Fe(OH)3' goethite FeOOH, or ferric oxide Fe 203, 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 to the leaching circuit, or roasted to ferric oxide

to be used in the production of iron. In the sulfate or bi-sulfate
.J '.

systems, iron precipitates as jarosites AFe3(S04)2(OH)6 (where A C3n

be H30, Na, K, Rb, Ag, NH4 , Tl, Pb/2 or Hg/2), basic ferric sulfate

Fe (OH)S04' or ferric oxide Fe203, 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

anunoniacal, nitrate and chloride solutions yield relatively simple

products such as oxides and hydroxides of iron, the precipitates from

sulfate solutions are more complex due to the formation of a nlli~ber of

basic salts in addition to oxides 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 cations, and plant leach solu­

tions, and the hydrolysis was investigated under various experimental

conditions. Significant information on the Fe 0 - SO .. H 0 system
2 3 3 2 •

has been presented as early as ·1922 by Posnjak and Merwin. 103 It can be
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seen from their solid model (Figure 23) that hydr~nium j aros~ te (3Fez03 ·

4S03 . '")"2°), basic sulfates and ferric oxide are formed at various

temperatures between SO and ZOO°C. Also, as the temperature increases

the relative amounts of the hydrolysis products in the system changes.

This is more evident by observing the isothermal reactions of the solid

model at three different temperatures 18 ~igures Z4-Z6). At 7SoC, hy-

dronium jarosite and ferric oxide monohydrate FeZ03 . HZO have been pre­

cipitated out of the solution. As the temperature increases the mnount

of 3FeZ03 . 4S03 ·· 9HZO increases and tha~ of FeZ03
Q

• HZO decreases, as

can be observed on the isotherm at 110°C. At ZOO°C, however, 3FeZ03 •

4503 . 9HZO has completely disappeared from the system, \vhile ferric

oxide monohydrate has given way to anhydrous ferric oxide which is

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

Fe Z03 . ZS03 . HZO is present in the system. TIlis study thus suggests

a sequence of precipitation products as the temperature is increased.

This sequence has been further investigated by Umet$u 105et al. who

have demonstrated by means of X-ray diffraction analysis the hydrolysis

of iron at ISSoC and ZOO°C yield the following precipates as a function

of time:

Ferric sulfate (aq)
FeZ(S04)3

~ Hydronium jarosite
(H30)F~3(S04)Z(OH)6

~ Basic sulfate ~

Fe (OH)S04

The ferric oxide is thus precipated from ferric sulfate solutions

at ISSoC and ZOO°C with hydronium jarosite and basic sulfate as the

intermediate products.
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The parameters involved 1n the precipitation of the iron compounds

h · d' d b 1 . . 106-108 Th h' f t 11ave : n stu 1e y severa 1nvest1.gators. e c 1e con ro -

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

ions and the concentration of sulfate or bisulfate. Further studies

along these lines by Umetsu et al. lOl ,109 have revealed the cation con-

centration to be an additional significant parameter, This is evident

from Figure Z7 where ferric oxide FeZ03 changed to basic sulfate Fe(OH)

804 at 60 g/i HZS04 in absence of ZnS04, but in presence of SO g/i

ZnS04, the transition to Fe(OH)S04 incr~ased to 80 g/~ HZS04 , When

80 g/~ ZUS04 was added, the product remained as FeZ03 even at 1Z0 g/t

HZS04 , Similar trend was observed when CUS04 was added in place of

ZnS04 , In addition, where the temperature of hydrolysis was increased

from 185°C to ZOO°C, the transition of Fe Z03 to Fe(OH)S04 also took

place at higher concentrations of HZS04 with increasing ZnS04 content

(Figures Z8-31), This behavior demonstrates the strong influence of

cationic concentration on the precipitation of FeZ03 and Fe(OH)S04

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 aI, have

been found to precipitate at temperatures between 90-9S o C and pH 1.3-

1.7 (corresponding to 3-8 g/i free acid) from ferric sulfate solutions

containing Na+i K+, or NH4+ ions, Jarosites are a group of compounds

having the general formula AFe3 (S04)Z(OH)6 where A can be H30, Na, K,

Rb, Ag, NH4 , Tl, Pb/Z or Hg/Z, Dutrizac and KaimanllO have character­

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 j~rosites depends on the temperature, acid concentration and the

+ + +presence of cations like K ,Na and NH4 ' an increase in temperature

and a decrease in free acid concentration leading to an increase in

jarosite formation. l07 In the absence of alkali, hydronium jarosite

h b h · d' h ° 111 1 bas een synt eS1ze 1n t e temperature range 25-170 C. From a or-

atory investigations carried out on leach solutions derived from zinc

plant spent electrGlyte, Haighl06 has reported the formation of hydron--

ium jarosite in the temperature range 170-200°C.. Also, it can be seen

from Figure 32 that forDlation of natrojarosite 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 jarosite-precip-

itants when necessary. Addition of stoichiometric amounts of various

jarosi~e-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 least

soluble among the jarosites studied (Figure 33). From economic consider-

t . . I f th . . h d 1 . H' hI 06a lons, assum1ng oss O' e p,rec1p1 tant on )' ro yS1S, alg reports
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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 J

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 Steinveit l12 (Table 16). A typical jarosite formation reaction is

as follows:

3Fe2(S04)3 + 2NH40H + lOH20 ~ 2NH4Fe3 (S04)Z(OH)6 +

SHZS04 •••. (53)

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 hydrolysis at 200°C. The initial acid.ity in the Tests 1-5 in

Figure 35 before the addition of either acid or calcine was 12.4 g/t

H2S0
4

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

contributed chiefly by the hydrolysis and the regeneration of acid.

Since the precipitation of jarosite gre~tly depends on the acidity level

of the solution, it is necessary to maintain a low acid concentration

in the solution before hydrolysis. Tozawa
l13

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 forma.tion (Figure
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3F~2(S04) +6H20

4Fe (OB) S04 +4112 °

2Fc (Oll)S04+2Fe2 (OH)I.S04+2NH40H

2F~ (OU) S04 +2Fez (OH) 4 • 504 +N a2 S04 +282°

2Fe(OH)S04+2Fe2(OH)4°S04+4H20

• 6Fe(OH)S04+3H2S04

n 2Fe2(OH)4S04+2H2S04

m (NH4)2Fe6(S04)4(OH12)+5H2S0~

= Na2Fe6(S04)4(OH)12+6H2S04

• (H30)2Fe6(S04)4(OH)12+5H2S0~

(6); (1)+(2)+(3):
3F~2(S04)3+10HZO+2NH40H

(7): (1)+(2)+(4):
3Fcz(S04)3+12HzOtNazS04

ttl): (1)t-(2}+(5):
3F~2(S04)3t14H20

a (NH4)2Fe6(S04)4(OH)12+5H2S04
ammonium jarosite

~ Na2Fe~(S04)4(OH)12+6H2S04

carphosiderite

a (H30)2Fe6(S04)4(OH)12+5H2S04
carphosiderite

Table 16. Hydrolysis reactions of ferric sUlfate. 114
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38) and the rate of precipitation decreases as temperature decreases,

but thp ~esults published by Haigh indicate that above 180°C, increases

in temperature have little effect on the hydrolysis, but below 1800C

changes in temperature 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 hydrometallurgicaJ 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 precipitation

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. IIO 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 plant residue

containing chiefly of zinc ferrite (ZnO . FeZo3).115 The residue is

leached with spent electrolyte at 70-9S o 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 90-9S oC. The jarosite is filtered out and

washed, arid 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 simplicity of operation, use of conventional equipment,

easil)

etc.

~ilable reagents, good yield of metal values from the residue,

Formation and 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 [NaFe 3(S04)Z(OH)6] and hy~

dronium jarosite [3FeZ03 · 4503 . 9HZO] convert to basic sulfate

[FeZ03 . 2503 . HZO] at 300°C and pH below 0 (Figure 32), Also, it

can be noted from the figure that natrojarosite and' hydronium jarosite

have very close stability regions. Kunda et al. 116 have reported that

the conditions for hydrolysis of ferrous sulfate to basic ferric sulfate

were Z04°C, ZO psi 0z 100 to 150 g/~ Fe in the feed solution and 1 hour

° . A dO d 5 k ol17 b ° f .retentlon tlmeo Iso, accor lng to Umetsu an asa'~ aS1C errlC

sulfate precipitated from acidic ferric sulfate solutions above a free

More study is essential to understand the formation reactions and nature

of basic ferric sulfate.

The precipitation of ferric oxide FeZ03 is generally favored by

d 1 °d ° H . hl06 h thigher temperatures an ow aCl concentratlons. alg reports t a

above 180°C, Fe Z03 is the main phase precipitated from the leach solu­

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

solutions, he has shown that at ZOO°C, FeZ03 is precipitated at low acid

concentrations and a basic compound FeZ03 . 2503 . H20 is precipitated

at higher acid concentration. At 180°C, however, the solution yields

FeZ03 at low acid concentrations and hydronium jarosite 3FeZ03 . 4503 •

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

109 117
below 20 g/'l-, H2S04 , Umetsu and coworkers ' have 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/t H2S04 , above which ferric

basic sulfate was precipitated. At 185°C, the free H2S04 limit was

55.8 g/~ below which Fe203 precipitated. There is thus an obvious dis­

parity in results regarding levels of acidity between the Australian

105and the Japanese investigators. However, Umetsu et ale have reported

that in pre$ence of ZnS04, the hydrolysis of iron in the form of FeZ03,

at 200°C, was possible up to a free acid level of about 120 g/t H2S04

(Figure 27). This result brings out the possibility that the Fe203

precipitation could be further affected by the presence of other cations

in the solution such as Cu, Ni, Co, etc. and consequently defining the

exact conditions of precipitation of Fe203 becomes individualistic

and difficult.

118Davey and Scott have reported their studies on 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/~ Fe at 70-90°C at a pH of 2-3.5. Kwok and Robins l08

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 BO°C,

Umetsu et al. 1l9 have reported that goothite precipit~tes at pH 1.0-1.8
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when MgO. was added. Addition of NaOH to ferric sulfate solutions pre~

cipitated natrojarosite [NaFe3 (S04)2(OH)6] above 10.7 g/9v H2S04 a.nd

geothite below 10.7 g/9v H2S04 , At 10.7 g/9v H2S04, 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, goethite tends to be heavily

contaminated with anionic and cationic impurities and as a resul t 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-l00°C in the sulfate medium. Natro-

jarosite, ammoniojarosite, or any other jarosite can be precipitated

selectively by adding controlled amounts of the required cation. Ferric

o'xide 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 substances as contaminants. For instance, pre-

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

117 Iwhich can be reduced to as low as 0.01% by roasting at 1000°C. n
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Table 17.
Comparison of iron precipitation processes 118

Process

Goethite Jarosite Hematite

Operating conditions

pH 2-3.5 <1.5 Up to 2% H 3SO<j
Temperature 7G-90°C 9D-100°C r:t.. 200°C
Anion Any SO~- only 80;- only (1)
Added cations Nil Na\ K+, Nil

required Nfl; (= R)

Product

Compound formed a-and RFe) (804)2 (OH). a-Fe,OJ
p-FeOOH
(a-Fe 20, )

Cationic impurities Medium Low (apart Low
from UR")

Anionic impurities' Mediuma High Medium
Filterability V. good V. good V. good
Fe in filtrate <1 gIl 1-5 gil =- 3 gt!

(often
<0.05 gIl)

aGood scavenger for fluoride in electrolytic zinc plants.
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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 formation

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

120
decreasing electrolytic dissociation of the absorbed compound. Figure

41 shows the solubility curves for some compounds commonly encountered in

leach solutions. It should be noted that solubility decreases at ~ligher

temperatures and except CuS0
4

, all the other compounds cited have de­

creasing solubilities above 100°C. Thus it is quite reasonable to ex-

pect absorption of foreign ions onto the compounds precipitated at tem-

peratures above 100°C.

120Kolthoff and Sandell report that when hydrous oxide of ferric

iron is formed with an excess of ammonia in the presence of copper, zinc,

magnesium, etc. hydroxyl ions are primarily absorbed onfue 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 j aros.i tes 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 the 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 hydrometallurgica1 processes generating

d o d' 'd d h f f . 'h 'd 121 Tha lscar lron reSl ue, an t e -arm a lYOn lTI t e resl ue. e

discard iron generally runs to quite a large volume. For nickel sulfide

~oncentrates, the discard iron residue equals at least four times the

weight of nickel processed, and for chalcopyri.te' it is 1 to 1.2 times

the copper processed. Due to these large amounts of iron in the tai1-

ings, studies have been made for recovering the iron. In anmoniaca1

leach processes, the iron present in the tailings is associated with

unreacted metal sulfides, gangue, absorbed metal ions and ammonium

sulfate, and hence treatment of the iron product to recover the iron be-

comes difficult. Iron from geothite has been reported to be easily

bl ' 't ft' t d' 1 d Kunda and Velt~~n122recovera e ln Spl e a can amlna e Zlnc or ea. U~~

have studied the decomposition 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 processes, are usually contaminated with unreacted sulfide and

gangue, because precipitation of iron is carried out during the leach-

ing process. Hence, recovery of ixon 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
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Process Process Description Iron Residue
-

Ammoniacal pressure leach Pressure oxidation with air or oxygen in ammoniacal solution; - mixed hydrated iron oxides
for copper or nickel con- separatIOn of residue, pressure hydrogen reducUon or electro- - pyrite
centrates winning for metals recovery. Ammonium sulphate by-product - other unreacted sulphides

- gangue

Roast· leach - el ectrowi n Oxidation roast; hot sulphuric acid leach, iron removal by con· - sodium or ammonium jarosites
for zinc or copper con· trolled precipitatIOn, electrowinning for metals recovery; SOz -N )
centrates by-product _ NH<. fe(SOc)22Fe(OHh·

- Goethite (FeO.OHj

Pressure sulphuric acid Pressure oxidation with oxygen in sulphuric acid solution; iron - Iron hydroxides and hydroxy-
leach tor copper or ZinC removal by controlled pH adjustment; electrowinning for metals sulphates Fe(SO). OH Fe(OH)a
concentrates recovery;' S by-product - pyrite

- gangue
- other llnreacted sulphides

Nitric-sulphuric acid Atmospheric leach; iron removal by controlled precipitation; - Hydronium jarosite
leach for copper concen- electrowinning tor metals recovery; S by-product. 13Fe203. 4S0 3 9H 2Oj
trates - pyrite

- other unreacted sulphides
- gangue

Table 18. Hyd~onetal~u~6ical Processes Ge~era~~ng a Discard Iron
.- R . d 121
"-- ~S1 ue.
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or basic ferric 'sulfates 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, these materials may under suit­

able conditions leach out heavy metals to the grou~d water and cause ser­

ious environmental problems. 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. Ammoniwn jarosite, for in­

stance, has been shown to deoompose under certain conditions to hematite

or magnetite at as Iowa temperature as 25°C. 122 Data on the solubility

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 the

hydrolysis of iron, the overall picture is still hazy. Control of the

precipitation reactions during hydrolysis is only possible 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 Fe 203 is the major component of the precipitate

when hydrolyzed at temperatures above 180°C. The precipitation temper­

ature range of ferric basic sulfate has not been clearly defined but the

basic sulfate is expected to be present in the precipitate when hydrolyz­

ed at temperatures above 140°C. Below 90°C, goethite has been known to

precipitate out of the solution. Thus, the hydrolysis of iron at any

terrperature yields a precipitate that contains goethite, 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 should also be recognized that the

stability regions of the hydrolysis product is greatly dependent on the

composition of the s-olution and the content and type of ionic species

present in it. Therefore, charting the stability regions of the hydroly­

sis products becomes impracticable due to the distinct nature of each

hydrolysis process. 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 is

also very 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 le~ching 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

123tons. 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 production and demand of sulfur in 1980 is 12.8

., 11 8 ·11·· . 1 124 H ..ana . ml lon metrlc tons respectlve y. ence, It lS 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 consideration 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 7

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 sulfur below about 100°C is almost quantitative ac-

cording to the equation:

MS + 1/202 + 2H+ + MIT + 8° + H20 .... (54)

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-

If t 11,126 d 1· H· 127verted to su a e. Base on lterature survey, lsamatsu re-

ports the following conditions regarding elemental sulfur and sulfate

formation:

.(1) SO formation is favored at pH below 2 and temperature below

(2) Sulfate tends to form when pH is above 2, and polythionate

formation becomes possible at pH above 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 sulfide to elemental sulfur or SUlfate.

The extent of formation and type of species formed depend chiefly on the

pH of the solution. 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 8-H20 system

(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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stabili ty domain of water. Hence, sulfur is stable in the presenc.e 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 thiosulfate 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

- = 0 .
be formed by the oxidation of HZS, HS , S , S or other sulfur com-

pounds. Below the regions of elemental sulfur and sulfates are the re­

gions of stability of HZS, 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 ~t 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 substantiated 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

of sulfur, such as thiosulfate (S203=) and polythionates (SX06= x = 2

to 6) are absent from the potential -pH diagram of the S-HZO system,

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 playa more important role in the oxidation of suI ...

fur than the thermodynamic factors predicted from the diagram. IO The
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mechanism and sequence of oxidation of sulfides in aqueous environment

is not yet clearly understood. However, investigations on this sub-

. d db Okb . d k l28-l3l M k' l32 p d S,10,14Ject con ucte y a e an cowor ers, ac lW, orwar ,

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

ext.ensively studied, especially in connection with the Sherri tt-Gordon

133process. Jaura et al. have suggested that the oxidation of sulfide

to sulfate in alkaline medium takes the following path:

Sulfide ~ po1ysulfide ~ elemental sulfur ~ sulfite ~ thio~ulfate ~

tetrathionate ~ dithionate ~ sulfate.

A ' . 1 .d' h h b d 1 b V 11 1 134Slml ar OXlatlon pat as een propose a so y a ance et a..

According to Jaura et al. 133 sulfides' oxidize to form polysu1fides

which undergo further oxidation to form elemental sulfur

.... (55)

.••. (56)

.•.. (57)

The occurence of elemental sulfur in alkaline medium has been re-

d b R '11 l3S~136porte y el y. He has shown that in the ammoniacal leaching

system, 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 fonnation 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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In strong alkaline -medium, elemental sulfur dissolves in sulfite

solution to give thiosulfate.

· •.• (58)

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

kaline solutions

· ..• (59)

Thiosulfate is a stable ion in aqueous solutions up to a pH of 12. On

. 129 133oxidation, tetrathionate is produced as the prlmary product. '

· ... (60)

Tetrathionate is also produced when thiosulfate undergoes instant oxida-

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

ion to cuprous ion.~37 Small quanti~ies of trithionate are also pro-

duced as a result of the oxidation of thiosulfate.

· ... (61)

Tetrathionate readily reacts with sulfite in alkaline solutions to give

h · d h' If 129tri t 1.onate an tl lOSU ate.

• .•• (62)

When heated, tetrathionate decomposes into trithionate and elemental

sulfur.

• ••. (63)

Tetrathionate also decomposes to pentathionate and trithionate when

catalyzed by thiosulfate ion.

· •.. (64)
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The pentathionate thus formed is unstable in alkaline medium and de- .

compc to tetrathionate and thiosulfate.

· ... (65)

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

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

· ... (66)

== S °n 6
= · ..• (67)

The formation of polythionates thus takes place i~ 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.

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

· ... (68)

· ... (69)
=

+ 2S04= + 21-(+ 20H

to sulfate in absence of free sulfur.

= =
803 + °= 804 • ... (70)

Dithionate formed by the oxidation of tetrathionate finally oxidizes to

sulfate. 133

+ 20H + 0 • ... (71)

129Tetrathionate may also get oxidized completely to sulfate.

• .•. (72)

129Yukosuka et ale have reported that the a.mount 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 ale The stability diagram (Figure 45), drawn on the basis of data

141
reported by Plante and Sutherland, and Kurtnacker et al., shows the

presence of dithionate at alkaline pH and lends support to the possibil-

ity that dithionate may be the species that Erecedes, or co~exists with,

sUlfate. Further investigation is requir~d to elucidate the mechanism

of oxidation.

In ammoniacal systems, essentially the same oxidation reactions

discussed above are expected to be taking place, with the exceptio~

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 sulfate, thiosulfat~ trithionate and sul-

famate accounts for all sulfur present in the leach solution.

Studies. by Okabe and coworkers l30 ,131 on effects of various para-

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 \vi t'h increases in the ammonia concentra-
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tion.
2

The yie1(;l' is maximum at an oxygen pressure of 50 kg/em 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. 13l

The oxidation path from sulfide to elemental sulfur in acidic

"solutions is less defined than that in basic solutions. Several in"

in acidic. solutions, but the mechanism of oxidation of sulfides to thio-

which further oxidize to sulfur through a complicated course of reac~

suggest that in alkaline medium the sulfides oxidize to polysulfides

133As mentioned ~arlier, Jaura et al.

vestigations have shown the presence of thiosulfate and polythionates

sulfates is not. quite established.

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

tions has been sufficiently investigatedto suggest an oxidation path.

129
Mizoguchi et al. have reported that in acidic solutions thio-

sulfur. The behavior of thiosulfate and polythionates in acidic solu-

sulfate may be the intermediate product leading finally to elemental .

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:

= + 6H+ = • ... (73)5S203 = 2S + 2S406 + 3H2O

= +
S203 + H = S + HS03 • ..• (74)

= + = • ••• (75)35Z03 + ZH = 4S + 2S04 + HZO

Studies on oxidation of thiosulfate with HZOZ by the same co-author

(Okabe and coworkers lZ9) 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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",,(76)

= = .... (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 decon~oses to pentathionate and trithionate

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

. h. 138,139two-stage reactlon mec anlsm:

= = = · ... (78)

Trithionate may also be formed according to the following equation.

Several investigators have reported the following general reaction

· ... (79)

· •.. (80)

= = =

to be important in the formation of polythionates from thiosulfate in

139-142
acidic solutions:

(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

· •.• (82)

Tetrathionate decomposes to give sulfate and s~lfur:

+ 4H+ • ••. (83)

Acidic sulfite solution also decomposes to elemental sulfur and sulfate

with the intermediate formation of thiosulfate. 128 Higher thionates
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are formed by the 'following general reaction illustrated earlier by

Equatio ~ ~4 and 65.

· •.. (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.

= + 4H
2

02 28°4
= 2H+ + 3H2O · ..• (85)52°3 = +

=
48°4

= 6H+ + 4H2O .... (86)84°6 + 7H202 = +

= = + 4H+ · ... (87)53°6 + 4H202 = 380 + 2H2O
4

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 role in the stability of differ­

143ent sulfur species. Pollard et al. have reported that as the number

of sulfur atoms in the polythionat~increases, 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 a higher' acidities

than those at which trithionates decompose, and at strong acid media

decomposes to give sulfur. Pentathionate is unstable at low acidities,
J..

being stable at strong acid media, and disproportionating to tetrathion-

ate and hexathionate at high acidities.

· ... (88)
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The tetrathionate, as mentioned 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

species in the solution.

Schmidt146 has proposed an alternative oxidation path to thio~

sulfate. He has shown that in nonaqueous solutions anhydrous thiop

sulfuric acid decomposes into sulfur trioxide and hydrogen sulfide .

. • . • (89)

This leads to the formation of trithionate

•... (90)

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

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

h . h b' d 1 b Bl· dB· 142This mec anlsm as een supporte a so y aUS1US an urmelster,

and Pollard et al. 143 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 this 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 leaching the minerals. The choice between

them as the final sulfur product is governed by various factors such as

the type of leaching system, time and temperature considerations, en-

vironmental impact, 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 potential-pH diagram of the S-H20 sys­

tem. For example, elemental sulfur formation is normally favored by a

minimum amount of oxidizing agent, a high acidic or ferric concentration

which maintains the pH at about 2.5, and a temperature between 100 and

120°C as evidenced by Figure 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 one form of

sulfur to a more desirable form. In ammonia leaching of sulfides, for

example, the thiosulfates and sulfamates present in the leach liquor are

converted to sU:lfate by oxidation and hydrolysis., The sulfamate con....

centration in the effluent is also controlled by keeping the ammonium

ion 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 calcium sulfate (gypswn) using su1fate~reducing and

h t th t · If b . 145P 0 osyn e lC su ur acterla. Bacterial reduction has a promising



121

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 the separation of sulfur from the reaction 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 end 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 its consumption.

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 oxidation path in acid solutions, but it seems

probable that thiosulfate and polythionates are formed as unstable

intermediate products. The stability region diagram of different

species of sulfur (Figure 45) indicates that anlong 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 stated 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

be~n reported to contain mainly plagioclase, olivine and pyroxene as

the gangue which constitutes as hi~h as a third of the concentrates.

Minor amounts of serpentine, talc, amphibole and chlorite are also pr~­

147sent. The dissolution characteristics, structure alterations, re-

lease of cations, etc. of these silicates might playa 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 and 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. In

nature this takes place over geological periods resulting in a complete

change in the nature of the original mineral constituents. 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 plagioclase) 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, u.nder 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 weatherulg 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 certain 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 dissolution 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 1

xh ' b ' h 1. ., 149 TI fl'e 1 1t t e reverse cllaracter1stlcs. 1e presence 0 comp eX1ng

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

'd 149aC1 .
. 148

The weathering of silicates is chiefly a process of hydrolysis.

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

1ustrates the process.

MgzSi0
4

+ 4H
Z
O -+ ZMg++ + 40H- + H

4
Si0

4
.••• (91)

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 silicate minerals have

indicated that the quantity dissolved was much more in COZ-containing

h ' d' 'II d ISO Wh ' d h b'water t an 1n 1st1 e water. en stronger aC1 stan car onlC

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. Besidffiacidity,

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 AI, 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 proceeds 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

Mineral pH Na K Ca Mg Fe Al

3.9 X X X X e 0
Quartz 7. 1. X X X 'X 0 0

10.3 X X X X 0 0

0.7 1.. 1 0 X X 0.4 10.6
Albite. 4.0 O. 1. 0 X X 0 '1.6

11.6 X 0 X X 0
..

Z.3

0.7 1.4 0 X X 0 4.0
Microc1ine 5.0 0.5 0 X X 0 1.5

11. 4 X 0 X X 0 1.8

1.0 1. 6 0 8.7 6. 1 1.0 6.5
3.5 0.4 0 4.6 1.6 0 0.5

Augite 6. 15 . O. 6 0 1.2 O. 5 0 0.05
9.25 X 0 0 0.01. 0 0

12.3 X' 0 19.0 0.02 0 0.6

0.9 1.4 X X X 0 3.6
Z.4 1.4 X X X 0 1. Z

Spodumene 5.8 0.3 . X X X :0 0.6
6.5 1.4 X X X 0 0
7.6 X X X X 0 o·
9.0 X X X X 0 1.6

1.4 O. Z 0 X 131.0 17.5 X

Olivine 3.7 0 0 X 16.5 1.6 X
6. Z 0 0 X 1.6 0 X
7.4 0 0 X 0.7 0 X

X No determination made
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formation of clayey minerals such as chlorite and serpentinite. Condi~

tions permitting, recrystallization of silica into minute 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 severe conditions of temperature, pressure and

chemical treatment during leaching. Knowledge of the nature of the

alteration in the minerals wauld 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 that of the mineral itself, thus changing

the metallurgi~al leaching characteristics of the mineral. The change

in morphology of the silicat~ 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

vest.igation. Knowledge on the above mentioned aspects is at present

nonexistent and further investigation is strongly suggested.



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 flotation concentrate of a

copper-nickel bearing Duluth gabbro from the INCO test pit southeast of

Ely, ~tinnesota. The chief copper-bearing minerals in the concentrate

were chalcopyrite (CuFeS2) and cubanite (CuPe2S3). Nickel was present

as pentlandite [(Ni,Pe)S]. In addition, pyrrhotite (PeS) 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 and

-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.

An~onium sulfate. Analytical-reagent grade granular crystals were

131
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TABLE 20. PARTIAL CHEMICAL ANALYSIS

OF THE CU-NI CONCENTRATES OF

DULUTH GABBRO

%

Copper

Nickel

Cobalt

Iron

Sulfur

13.58

2.68

0.15

28.39

22.56
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used.

Jodium 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 KWat 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 lag 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.

TIle reaction 'was allowed to proceed for the retention time selected.

At the end of the experiment, the pressure was relieved, the heater 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 filtra.te was collected, was made U,p to a definite volume

and a sample was sent for chemical analysis. 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~

suIts included 90 g/9., H2S04 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

b S b . d F . 1 152a report y u ramanlam an erraJuo o. The experimental conditions

and results of the sulfuric acid leach are given in Table 21.

Ammonia leac~. A series of 'experiments with varying conditions

such as concentrations of ammonia and ammonium sulfate 1 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
of °2 Retention of Leachate ExtTaction

Leach Solution Temperature PTessure Time Residue ... g .. \
Leach Systell gIL °c psi Hours g Cu Nt Co F~ S Cu Nt Co --Pe--S ..-

(,M
VI

Acid Leach 90 H2S04 + 110 400 12 3.e 1.295 0.322 0.018 2.625 9.8 91.8 99,2 98 95.3 49,3

3 NaCl

A!mnJ:lnia Leach 157.5 NH
S

+

111 (NH4)2S04 .

100 150 12 7.0 1.367 0.222 0.014 17.465 95,7 94,6 81.3 4.9 97.3

Concentrate 109; mesh size 100\ -400; solution volume 400 ml;' agitation 700 rpm.
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tions resulting in maximum extraction. The experiment which yielded

tr~ hest results had a solution composition of 9.3 M NH3 + 1.3 M (NH4)2

50
4

, The experimental conditions and results of the ammonia leach are

given in Table 21.

b. Environmental Leaching

This consisted of a s~ries 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

h · 1 1 h" dId bE" " h 153 f ht e enVlronmenta . eac lng tests eve' ope y lsenrelC . 19 ate

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 ~eaker 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 mI.

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. TIle

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 another cycle of 100 hours of stirring as be-
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fore. The agitation, centrifuging and resuspension of the solids in

d" ~ ~lled 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 the 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 ~ere prepared using a

small amount of the sample 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 CuKa 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-lOOCX scanning transmission electron microscope or a CAMBRIDGE

MkIIA scanning electron microscope, both before and after the environ­

mental leaching tests. 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.



139

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. 01emically pure BAKER analyzed 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 preparation

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 ~o

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 until samples whose x-ray diffrac­

tjnn ~atterns 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 stored 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. 19 of the hydrolys~s product 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 tests. After this final equilibration, the

hydrolysis product was air-dried and stored for further studies.

Initially, the equilibration tests were conducte~ 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 kept open 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 Di ffraction Analysis

The x-ray diffraction technique was the chief method of identifi­

cat~on and test of purity of the hydrolysis products. The x-ray dif~

fraction patterns of the samples aftey.:equilibration were also taken to

compare with those of the original samples. The specimen preparation

for the x-ray diffraction analysis was the same as that described for

the eu-Ni concentrates and the leach residues--name1y, smearing and

air-drying a solution of the sample on a glass residue. As before, a

PHILLIPS NORELCO x-ray equipment was used with CuKa radiation and 1°

per minute scan time.

d. Scanning Electron t-.licroscope Analysis

Electron photo micrographs of the hydrolysis products were taken

both before and after equilibration tests. As before, a JEOL JEM­

IOOeX 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 eu-Ni resi­

dues, SO milliliters ofthe centrifuged water after equilibration of

the hydro~ysis products, were placed in 125 milliliter polypropylene

bottles, 0.95 ml of 10 to 1 dilution of concentrated ultrex grade

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 Resea.rch Ltd. of Toronto, Ontario, Canda for analysis of

elemental composition of the samples.



IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. METALLURGICAL LEACHING OF TIlE CU-NI

CONCENTRATE AND ENVIRON~ffiNTAL LEACHING

OF ITS LEACH RESIDUES

From the six hydrometallurgical extraction techniques discussed in

an earlier section, sulfuric acid pressure leaching and 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 Leaching

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

147clase, olivine and pyroxene. Hence, the main constituents in the

g~ngue are Si02, A1 Z03, CaO and MgO, A partial analysis of the con­

centrate is given in Table 20. An elemental analysis of the concentrate

by Barringer Research Ltd. is given in Appendix I.

From literature survey, it was noted that the chief parameters in~

fluencing the sulfuric.~cid leaching of sulfide concentrates are acid

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

142



143

this in view, the experimental conditions were so chosen as to give the

optimum results. The temperature of the process is dictated by the

behavior of sulfur during leaching. 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 200-22S o C have also been equally

26effective (Table 6), but gave sulfate as the end product of sulfur.

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

. 1 152 h' h f .FerraJuo 0 to promote a 19 er rate 0 extractlon.

The experimental conditions and results of sulfuric acid leaching

js given in Table 21. The extractions were calculated on the basis of

the residue analysis. It can be noted from Table 2~ 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 m~y 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 anlounts.

The partial chemical analysis of the acid leach residue is given

in Table 22. 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 residue 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 contributed by the residual iron sulfides

and by the jarosites, basic ferric sulfates or ferric hydroxide pro­

duced during th~ leach.

The experimental conditions and results of ammonia leaching of the

copper-nickel concentrates are shown in Table 21. The leachate in this

case consists mainly of copper, nickel and cobalt arnmines, 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 iron. 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

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

OF THE ACID LEACH RESIDUE

%

Copper 0.98

Nickel 0.076

Cobalt 0.01

Iron 4.44

Sulfur 38.09

TABLE 23. PARTIAL CHEMICAL ANALYSIS

OF THE fuvIMONIA LEACH RESIDUE

%

Copper 0.84

Nickel 0.205

Cobalt 0.04

Iron 38.57

Sulfur 0.88
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Thus the salient feature of the acid leach residue is its high sul­

fur content and that of the ammonia leach residue is its high iron con­

tent. The elemental sulfur which makes up the bulk of the sulfu!' 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 process and Arbiter process (cf.

Tables 3 and 4). The ferric oxide may be recovered from the residue,

purified and used for the production of iron.

Environmental Leaching

The equilibration studies of the acid and ammonia leach residues

were termed "environmental leaching" on account of their consisting of

several compounds mixed 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

flrst 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

esti,mated by the barium sulfate precipitation technique but failed to

sho\'l any precipi tates. This indicated that the sulfate concentration

of the water was below the detection limit of this estimation technique.

The average values of ions,reported in 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 TI-IE 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

A~erage 0.34±0.09* 0.4S±0.OS 0.02±0.00S 0.4S±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 shDwn 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 variation 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 patterns 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
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monoclinic sulfur and hydronium jarosite, with small amounts of natro­

j_... "".;ite. 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 quantities 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. 1he presence of these cations in the

equilibrated distilled water can be explained satisfactorily by the

dissolution behavior of sulfides, oxidation, surface absorption, co­

precipitation and related" phenomena.
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800X. Copper-~ickel Concentrate

SOOOX. Acid Leach Residue SOOOX. Equilibrated Acid

Leach Residue

30,000X. ~illmonia Leach Residue 30,OOOX. ~q~ilibrated ~§~onia

Leach Residue

FIG. 54. ELECTRON ~lICROGR...\PHS OF THE .-\CID .;\'~D :~·l·r·tO~I.t..

LEACH RESIDUES A~D TrlE CD-NT C~\CE~T~.\TE.
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The dissolution behavior of sulfides has been discussed by Ko1thoff

1Z0
'-4J.\.. 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

[M++] = SMs SMs[H+]Z

[S=] = lO-20[HZS] •••• (92)

If theWhere SMs is the solubility product of the metal sulfide.

solution is saturated at room temperature, [HZS] = constant = ca. 0.1.

Hence, knowing the solubility product of the sulfide, the solubility

of the sulfide in solutions saturated with hydrogen sulfide can be cal-

culated for any hydrogen-ion concentration.

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). 154However, Stumm and ~,1organ 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

154instance, that all meta'! cati ons in water exist as aquo comp lexes ,

and the complexes of cations such as Cu++, Ni++ and Co++ are relatively

. 1Z0
more stable than many others. 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 bee~ illustrated by Kolthoff and Sandell. lZO
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Taking the acid leach residue as an example, the amount of copper

expected to dissolve at the equilibrated pH of 4, assuming [H2S] = 0.1

( -36). d band the solubility product for CuS 4 X 10 , IS calculate to e

-234 X 10 moles per liter. However, in the actual equilibration test,

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

-6dissolved is 5.35 X 10 moles per liter. Corresponding values for Ni

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

-5 -12 -7and 7.66 X 10 , and 2 X 10 and 2.5 X 10 respectively. Similar

calculations with ammonia leach residue also exhibits parallel results.

These show that a greater amount of the cations 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 products of the compounds specified, and hence when con-

sidered together with the acid-base equilibria and the equilibria of

complex formations, the 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 then dissolve into the aqueous media, or they may dissolve

first and then get oxidized. It is probable that both these could be

occurring sinlultaneously. Also, as a consequence, the sulfur species
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in the aqueous medium may exist as different su1foxy compounds.

Ko1 thoff and. Sande11 l20 have stated that cations such as those of

copper, zinc, magnesium, etc. get absorbed easily onto the surface of

hydrous oxide precipitates of ferric iron. This fact has been supported

154
by Stumm and Morgan 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

121et a1. have also reported on the high absorption properties of hy-

drous oxides of iron. 1hese 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 p1ay an important'role in the release of cations to the

aqueous environment.

Besides surface absorption, 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

. f . . . h l' 120concentratlons 0 1attlce anlons ln t e so utlon. 1~is 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 cations.

Also, Walden and coworkers1SS-1S7 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 crystal. Under identical conditions, coprecipitation or oc~

elusion of foreign ions is of the same order as their absorbability on

the surface of the precipitate.

Thus it appears 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 suspended 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-

h H f ·l·b . 154cipitate formation to t e p 0 equl 1 ratlo~

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 the

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 higher iron content tl1an acid

leach residue, the release of iron ions into water is more than three

times in the case of acid leach residue than 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 hydroniunl 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 jor the presence of S04- 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 of S04- can be calculated knowing the solubility product of barium

sulfate and the concentration of barium chloride used. In the deter-

mination, a 10% BaC1 2 (O.48M) was made use of. The solubility product

-10of BaS04 at room temperature is 1 X 10 . Hence the minimum amount

of 504= necessary to precipitate BaS0
4

is calculated to be 1 X 10-5

ppm. However, in practice the detection limit is said to be about 1.0

ppm. Hence, 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 -the equilibrated water can be expected to consist of sul­

fides (S=), bisulfides (HS-), hydrogen sulfide (H
2
S), sUlf~y compounds

= + =(S 0 ), or sulfur complexes such as FeHS , FeS2 ' etc.mn

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 IRON

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

ium jarosite has been known to precipitate at all temperatures ranging

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

(;,50 g/2 H2S04), 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 products were chosen

with the general guidance of the above information obtained from the

literature.

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, 3S and



TABLE 2.6. CONDITIONS OF PREPARATION OF THE HYDROLYSIS

PRODUCTS OF IRON

Compound

Hydronium jarosite

Concentration
of

Fe2 (S04)3
g/9.,

89.3

.Concentration
of

H2S04g/9.,

5

Temperature
°c

95

O2
Pressure

psi

120

Retention
Time
Hours

6
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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 amount of acid and that of ferric oxide the lowest. The part-

ial 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 very well with the theoretical values. Similarly,

the reported iron and sulfate content of the basic sulfate sample,

FeZ03 '· 2S03 " H20, agreed well with the theoretical percentages of 33.1

and 56.8 respectively, When compared with the theoretical value of the

iron content in FeZ03 (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 san~les 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

F~gure 55, It is seen that the curves match very closely. This indi-

cates that there is little or no effect of extra aeration arrthe 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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TABLE 27. PARTIAL CHEMICAL ANALYSIS OF

HYDRONIUM JAROSITE, BASIC SULFATE

AND FERRIC OXIDE

Compound
Total

Fe
% %

s
%

Hydronium jarosite 34.86

Basic ferric sulfate 31.97

0.09

0.12

42.78

57.61

Ferric oxide 68.27 0.32
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-Fig. 55. Effect of aeration on equilibration of basic ferric sulfate
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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 pHis 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 fdr extended periods of time.

Tables 28 .. 30 shm'1 the concentrations of ions released from the hy­

drolysis p~oduct 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 products, 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 present

only below the detection limits of sulfate ion determination by 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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Fig. 56. Equilibration curve for hydronium jarosite
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Fig. 57. Equilibration curve for basic ferric sulfate
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Fig. 58. Equilibration curve for Ferric oxide
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TABLE 28. RELEASE OF IONS IN EQUILIBRATION

STUDIES OF HYDRONIUM JAROSITE

Iron S04
=

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 S04=

No. ppm ppm

1. ·398 1,111

2. 125 329

3. 71.8 123

4. 76 329

5. 41 0.

6. 45 0

7. ~36 0.

.Average 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*

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 [H30 Fe 2(S04)3(OH)6] , basic ferric sulfate

[Fe
2
03 . 2S03 . H20] and ferric oxide [a - Fe

2
03], were established

primarily 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 to the one after equilibration. This, therefore,

indicates that the equilibration has not produced any major changes in

the composition or s·tructure 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 platy 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 cryst·als. 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 j arosite and basic sulfate undenvent 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 62.

Summary

The literature survey on hydrolysis of iron revealed a variety of

conditions for the precipitation of each of the products. However, a

general idea of the temperature and acidity level was apparent. Experi-

ments conducted within this assumed ranges gave pure samples of the

hydrolysis products as verified by x-ray diffraction techniques and

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 Veltman122 ° h °d 1 ° hOI h t hO h bv LS sp. erOl a ln nature, w 1 eta w lC was 0 -

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 Sasaki l17 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 apparent) 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 decreasing with~~me 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 none of the

three hydrolysis products underwent any major compositional or TIlorpholog­

ical changes after equilibration In distilled water, basic ferric sul­

fate released significant amounts of iron and sulfate ions, much more

. than those released by hydronium jarosite and ferric oxide. Hence,

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 asp~cts of the leach residues

of acid and ammonia leaching treatments 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

hydrolysis products, hydronium jarosite, basic sulfate and ferric

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

ions than the other t\<Jo" 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, hydroniwn 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 arrrrnonia leach residue.

!he 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 ?ure 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

to the dissolution of the constituents in stoichiometric ratios, or

leach residues. This adds further evidence to the possibility that the

surface absorption and coprecipitation of the cations and anions onto

This was found to be true also in the case of

cipitates thus appears to be less likely.

in distilled water.

release of ions to the environment by the leach Tesidues is due chiefly

the precipitate and subsequent release of the same into the environment.

TIle possibility of release of ions due to structural change in the pre-



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 hydrometa1lurgical ex­

traction techniques was undertaken. From 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. An experimental program was then designed to in­

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

.nickel concentrate,. and the preparation and behavior of the hydrolysis

products 6f iron. From this experimental study, the following con­

clusions were made:

1. Hydronium jarosite was the chief iron product of the acid

leach of the copper-nickel concentrate under the conditions of this

study.

2, The leach residues of acid and a@uonia leaching were contamin­

ated by cations and anions from the leach solutions, acid leach resi­

due being more affected than ammoni.a 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 t~e.three hydrolysis products, hydronium jarosite [H30 FeZ

(SO.)~ (OH) 61 , basic ferric sulfate [Fe Z03 • 2503 • H
2
0], and ferric

oxide [a - FeZ03], 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 prod~cts 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-

dues 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 ronmonia leach residues.

An eXC'.Jnination 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 various 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-.

si tional change in the leach residue on equilibration, and the trace

elements leach out stoichiometrically. This is in agreement with the

r.onclusions drawn from x-ray analysis and scanning electron microscope

studies~ and hence lends m~re support to the discussion in the text.
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APPENDIX I. TRACE ELEMENT ANALYSIS OF THE CONCENTRATE, ACID LEACH RESIDUE AND AMMONIA LEACH P~SIDUE

BEFORE AND AFTER EQUILIBRATION - DATA FROM BARRINGER RESEARCH LTD.

Acid Leach Residue fu~monia 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)**
~1g 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)** tD
-...,J

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
V 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) **

* percentage of the concentrate in the unequi1ibrated leach residue
** indicates that the element reports completely in the residue



Element
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APPENDIX II. RELEASE OF IONS FROM EQUILIBRATED
DISTILLED WATER SAlVlPLE OF ACID AND
AMMONIA LEACH RESIDUES - TRACE ELEMENT
ANALYSIS FROrvl BARRINGER RESEARCH LTD.

Equilibrated Distilled Water
-A-Cl"-·d-:--L-e-a-c-h---LRe, s i due - Ammoni a Leach Residue

ppm ppm

Al
B
Ba
Be
Ca
Cu
Fe
K
Mg
Mn
Na
F
Pb
Si
Sr
Ti
V
Zn
Th
Ag
As
Cd
Co
Cr
Mo
Ni
Zr

0.05
0.008
0.004
n.d.

0.4
0.350
0.631
n.d.
n.d.

0.0351
n.d.

1.0
0.2
0.571
n.d.
n.d.
n. d.

0.13
n.d.
n.d.
n.d.
n.d.
n.d.

0.015
n.d.

0.23
n.d.

n.d.
0.024
n.d.
n.d.

0.34
0.018
0.050
n.d.
n.d.

0.0060
n.d.
n.d.
n.d.

0.710
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d ..

0.35
n.d.


